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Abstract 
 
This thesis presents a detailed study into the role of surface chemistry in the high shear 
granulation of organic pharmaceutical solids. Crystalline materials with markedly different 
surface chemistries were selected as model compounds which were granulated with a 
polymeric binder.  
 
The surface wettability of primary powders was evaluated by employing the sessile drop 
contact angle measurements to evaluate the facet-specific surface energetics of 
macroscopic crystals, obtained via a solvent-mediated or a temperature-controlled 
crystallisation technique. A novel methodology using inverse gas chromatography (IGC) at 
finite concentrations (FC) was developed to evaluate surface energy distributions of the 
powder samples. 
 
The surface energetics of organic macroscopic crystals was found to be facet-specific, 
consistent with the local surface chemistry of the facet under examination. The rank order 
of hydrophilicity of specific facet was in good agreement with concentration of hydroxyl 
groups determined from X-ray photoelectron spectroscopy. IGC-FC was applied to 
measure dSV  profile, which were in good agreement with the 
d
SV  values measured from 
contact angle on the corresponding single crystals. This technique was shown to be able to 
distinguish surface energy heterogeneity, homogeneity as well as subtle changes in the dSV  
distributions, due to variations in the crystal habits. The wettability of the model 
compounds was ranked based on the contact angle polarity and IGC surface energy 
heterogeneity distributions, and the spreadability of binder solution was assessed based on 
the thermodynamic spreading coefficients. The increase in surface wettability led to the 
increase in granule mean size and granule strength. Formulations with similar wetting 
behaviour resulted in similar granule size, whilst those formulations with dissimilar surface 
wettability were found to exhibit substantially different granulation behaviour. 
 
In conclusion, the materials surface chemistry plays a crucial role in granulation processes. 
Its thorough characterisation and understanding may lead to more controllable product 
attributes and improved final performances. 
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Extented Summary  
 
Purpose. To demonstrate a novel approach of measuring surface energetic heterogeneity 
for pharmaceutical powders by inverse gas chromatography (IGC) and its relation to the 
facet specific surface energy observed from single crystals; and to show how surface 
chemistry of primary powders and the relating binder-particle interactions influences 
granule attributes and agglomeration behaviour in high shear wet granulation. 
 
Materials. D-mannitol, silanised D-mannitol, racemic ibuprofen and paracematol, with 
markedly different surface chemistries, were selected as model granulation compounds and 
poly(vinyl)pyrrolidone was the model binder. Macroscopic crystals of D-mannitol were 
grown from saturated water solution by slow cooling over a period of 4—6 weeks, and 
racemic ibuprofen crystals were grown from acetone solution by slow evaporation. 
Silanised powder and macroscopic crystals of D-mannitol were prepared by reaction with 
dichlorodimethylsilane to promote surface methylation, thereby increasing surface 
hydrophobicity. All compounds were prepared in a 75—180 µm sieve fraction for surface 
analysis and granulation. 
 
Methods. Sessile drop contact angle measurements were employed to evaluate the facet- 
specific surface wettability of macroscopic crystals of untreated D-mannitol, silanised D-
mannitol and racemic ibuprofen, with water, diiodomethane, formamide and ethylene 
glycol as probe liquids. A novel methodology using inverse gas chromatography at finite 
concentrations was developed and employed to evaluate surface energy distributions of the 
powder samples: dispersive energy profiles were obtained from adsorption isotherms of a 
combination of n-alkanes at finite concentrations, and the non-dispersive energy profiles 
determined from the isotherm of ethanol. X-ray photoelectron C 1s and O 1s spectra were 
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recorded on all available facets of macroscopic D-mannitol crystal for quantitative 
assessment of hydroxyl functional group concentrations. Primary particles in the 75—180 
µm sieve fraction were granulated in various composition (0—100%w/w) in a two-
component mixture in a bench-scale high shear granulator with 11%w/w aqueous solution 
of PVP as binder under identical granulation conditions. Granule size distributions and 
granule strength were evaluated. The underlying granulation behaviour was examined by 
analysis of the size distributions at different granulation timescale. 
 
Results. The advancing contact angles for various crystal facets were found to be facet-
specific for D-mannitol and the racemic ibuprofen single crystals, but were non facet-
specific for silanised D-mannitol, consistent with the local surface chemistry of the facet 
under examination. The rank order of hydrophilicity for various D-mannitol crystal facets 
was in good agreement with concentration of -OH group distributions determined from X-
ray photoelectron spectroscopy. The novel metholodolgy using IGC at finite concentration 
was applied to distinguish surface energy heterogeneity, and revealed that surfaces of 
untreated D-mannitol powder were energetically heterogeneous whilst silanised D-
mannitol and ibuprofen racemates surfaces were relatively homogeneous. The homogenous 
energy distributions for silanised D-mannitol and ibuprofen powder samples can be 
attributed to the regularity in surface chemistry due to silanisation reaction and the 
predominant existence of the lowest energetic crystal plane respectively. Silanisation 
reduced the dispersive surface energy, dSV , of D-mannitol surfaces, but did not induce 
bulk change in crystallographic structure as confirmed by XRD. The measured dSV  from 
contact angle on single crystals were in good agreement with the corresponding IGC dSV  
profile. Small changes in the dSV  profile were also measured using IGC at finite 
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concentrations, due to the subtle variations in the crystal habits measured using a robust 
dynamic image analysis system. The wettability of the model compounds was ranked 
based on the contact angle polarity and IGC surface energy heterogeneity distributions, 
revealing surfaces of racemic ibuprofen and silanised D-mannitol were much more 
hydrophobic compared to paracetamol and untreated D-mannitol surfaces. The 
spreadability of binder solution was assessed based on the thermodynamic spreading 
coefficients. The increase in surface wettability led to the increase in granule mean size, 
granule strength and narrower granule size distributions. Formulations with similar wetting 
behaviour resulted in similar granule size, whilst those formulations with dissimilar surface 
wettability were found to exhibit substantially different granulation behaviour. 
 
Conclusions. A novel methodology using IGC for the determination of detailed surface 
energetic heterogeneity/distribution was developed for particulate pharmaceuticals. This 
technique was shown to be able to distinguish samples exhibiting surface energy 
heterogeneity, homogeneity, and even sutble differences in the surface heterogeneity due 
to small changes in the crystal shape. IGC and sessile drop contact angle are 
complimentary techniques, providing comparable surface wettability data, but the former 
technique can be more important for the development of new pharmaceutical entities due 
to it being a fast experiment, and the small sample requirement. The surface wettability, 
which is influenced by the surface chemistry, is related strongly to the granulation 
behaviour and the subsequent granule properties. Even minor differences in the wetting 
characteristics can significantly influence the underlying granulation behaviour, resulting 
in different granule size and structural properties. In conclusion, the ability to quantify 
small differences in surface energy heterogeneity may be crucial in the improved control of 
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such solid processes, leading to more controllable product attributes and their ultimate 
performances.  
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Nomenclature 
 
a van der Waals constant 
am Molecular cross-sectional area 
a  Area flux 
A Area 
A Adsorption potential 
Ac Area under the chromatograph measured by IGC 
Aint Interparticle distance 
A  Powder flux 
AN Electron acceptor number 
ANd Dispersive component of electron acceptor number 
AN* Corrected electron acceptor number 
AR Particle aspect ratio 
b Van der Waals constant 
Bb Baseline distance from rear tangent to a vertical line drawn through 
the peak maximum of chromatogram 
c Concentration 
cM Concentration of solute in mobile phase 
cS Concentration of solute in stationary phase 
C Perpendicular growth velocity of crystal facet 
CA Susceptibility of the acid to form covalent bonds 
CB Susceptibility of the base to form covalent bonds 
CBET BET constant 
Cd Granule size distribution dispersion coefficient 
d Particle diameter 
dd Binder droplet diameter 
dg Granule diameter 
dhkl Interplanar spacing 
d10 Particle diameter at 10% of the cumulative size distribution 
d32 Surface mean particle diameter 
d50 Particle diameter at 50% of the cumulative size distribution 
d90 Particle diameter at 90% of the cumulative size distribution 
DN Electron donor number 
e Coefficient of restitution 
E Elastic/Young’s modulus 
E* Granule modulus 
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E’ Plain strain modulus 
EBE Electron binding energy 
EKE Electron kinetic energy 
ft Total frequency density 
fx Frequency density at class size x 
F Force 
FA Force of adhesion 
Fb Baseline distance from front tangent to a vertical line drawn through 
the peak maximum of chromatgram 
Fc Flow rate of carrier gas in the column 
Fcap Capillary force 
Ffric Interparticle frictional force 
Fvis Viscous force 
g Acceleration due to gravity 
G Gibbs free energy 
GY Granulation yield percentage 
adG  Gibbs free energy change of adsorption 
2CH
G  Gibbs free energy change of adsorption for a methylene group 
deG  Gibbs free energy change of desorption 
imG  Gibbs free energy change of immersion 
h Layer thickness 
ha Height of surface asperities 
hc Height of chromatogram peak 
he Height at equilibrium 
hp Planck’s constant (6.626068 × 10-34 m2 kg s-1) 
ht Height of liquid rise at time t 
hint Solid-solid contact area 
H Enthalpy 
ΔHAB Acid/base enthalpy change of adsorption 
ΔHad Enthalpy change of adsorption 
ΔHim Enthalpy change of immersion 
(hkl) Miller index 
j James-Martin correction factor 
KA Gutmann’s acid constant 
KB Gutmann’s base constant 
KH Henry constant 
KL Langmuir constant 
KR Partition coefficient 
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l Perpendicular distance between crystal face and and crystal origin 
m Mass 
n Amount 
nm Monolayer capacity 
NA Avogadro’s number (6.02214 × 1023 mol-1) 
NAB Number of acid/base interactions per unit area 
Nσ Number of moles adsorbed 
p Perimeter 
P Pressure 
Pin IGC inlet column pressure 
Pout IGC outlet column pressure 
Pa Principal value of the acid 
Pb Principal value of the base 
PLW Litshitz van der Waals component of the principal value 
P0 Saturation pressure 
Q Heat 
r Radius 
reff Effective pore radius 
rN Radius of interparticle liquid bridge neck 
R Universal gas constant (8.31447 J K-1 mol-1) 
Rp Particle radius 
s Entropy per unit area 
S Entropy 
SSABET Specific surface area obtained from BET model 
Smax Maximum granule pore saturation 
Stdef Stokes deformation number 
Stv Viscous Stokes number 

vSt  Critical viscous Stokes number 
t Time 
tR Retention time 
t0 Dead time 
T Temperature 
Tg Glass transition temperature 
TLoop IGC injection loop temperature 
u Particle velocity 
u0 Particle impact velocity 
U Internal energy 
v Wave frequency 
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vp Poisson’s ratio 
V Volume 
0
gV  Specific retention volume referenced to 273.15 K 
VLoop IGC injection loop volume 
Vm Molar volume 
VN Net retention volume 
V0 Drop volume 
V  Volumetric flow rate 
Vσ Volume of surface phase 
w Liquid to solid mass ratio 
W Work 
WA Work of adhesion 
WC Work of cohesion 
WS Work of spreading 
AB
AW  Lewis acid/base component of work of adhesion 
LW
AW  Lifshitz van der Waals component of work of adhesion 
Y Surface stress 
Yd. Plastic yield stress 
z Relative viscosity of polymer solution 
  
  
τ Drop penetration time 
ρ Density 
ρd Interfacial angle/Dihedral angle 
µ Chemical potential  
µL Liquid viscosity 
µg Gas phase chemical potential  
µσ Surface phase chemical potential  
ε Voidage/Porosity 
εeff Effective voidage 
εelastic Elastic strain 
εmacrovoids Voidage occupied by macrovoids 
εmin Minimum pore voidage/porosity 
εplastic Plastic strain 
εtap Voidage at tap density 
εtotal Surface strain 
πe Equilibrium spreading pressure 
λ Spreading coefficient 
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λ* Work of spreading 
γ Surface tension/Surface free energy 
γd Dispersive component of surface free energy 
γnd Non-dispersive component of surface free energy 
γp Polar component of surface free energy 
γLW Lifshitz van der Waals component of surface free energy 
LV  Liquid-vapour surface tension 
SL  Solid-liquid surface free energy 
SV  Solid-vapour surface free energy 
0
SV  Solid-vapour surface free energy without an adsorbed film 
γ+ Lewis acid parameter 
γ- Lewis base parameter 
φ Particle shape factor 
Φ Spectrometer work function 
ψa Dimensionless spray flux 
σ Specific surface area 
σt Tensile strength 
αz Radius of contact zone 
δ Solubility parameter 
δd Dispersive component of solubility parameter 
δz Distance of mutual approach 
η Ratio of front-to-rear tangent slope 
∈ Adsorption energy 
ϰ Continuous adsorption energy distribution function 
θ Contact angle 
θA Advancing contact angle 
θc Surface coverage 
θe Equilibrium contact angle 
θL Local adsorption isotherm 
θR Receding contact angle 
   Extent of permanent plastic deformation 
Γ Surface excess 
Γmon Surface excess at monolayer 
a*, b*, c*, z* Reciprocal crystal lattice constants 
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CHAPTER 1 INTRODUCTION 
 
1.1 Background 
 
Granulation, also known as agglomeration, pelletisation or balling, is a process of size 
enlargement where primary powder particles are combined together to form larger 
ensembles. In wet granulation, these larger particulate entities are held together through 
liquid bridges between individual particles by a liquid binder or solvent solution. When 
they are dried, the binders adhere chemically or physically to the solid surfaces and form 
material bridges between individual particles, resulting in the formation of granules with 
the desired physical properties.  
Agglomeration or granulation has been occurring for thousands of years in nature, as 
in the natural caking and formation of sandstone, and in the building of nests by birds 
using a binder secreted by the birds themselves for instance. In ancient medicine, pills were 
produced from a mixture of medicinal powders and honey, which acts as the binder. 
Despite this long history, the use of agglomeration as an industrial process only began 
around the mid-nineteenth century as a method to recover and use coal fines [1]. 
The Science of granulation is very young. It started in the 1950s when an effort was 
made to collect relevant interdisciplinary knowledge relating to all aspects of granulation 
and initiate fundamental research which was not application oriented. Since then, the 
growth in this research area has been rapid. Different materials ranging from minerals to 
pharmaceuticals granulated in equipment ranging from tumble granulators to high shear 
mixers have been investigated. International conferences in the field of granulation are 
held every year to bring together the current state of knowledge in this discipline. 
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Granulation is an example of particle design, where a combination of formulation 
design and process design controls the desired attributes of the product granules. This 
means that product granules are controlled by the properties of the feed powder and binder 
liquid as well as the equipment set-up and operating parameters. Granulation has 
applications in a wide range of industries including mineral processing, agricultural 
products, pharmaceuticals, detergents, foodstuffs and specialty chemicals, and it is 
estimated that the annual value of granular products is in the trillions of US dollars [2].  
Granulating powders into larger entities offers several advantages. In the 
pharmaceutical industry, granulation is used to improve physical properties of the powders, 
such as flowability, dispersibility and bulk density; to improve dosage uniformity by 
avoiding particle segregation; to reduce dustiness, and thus minimise explosion and 
inhalation risks; and to improve the mechanical properties of the final solid dosage form, 
such as compressibility and compact strength. Despite being the subject of research for 
almost 50 years, as well as its economic importance and widespread use, granulation has, 
in practice, remained more of an art than a science [2]. This is evident in the numerous 
empirical and routine tests carried out by industries, which may not be related to any 
fundamental science. The inability to obtain a quantitative relationship between product 
composition/formulation, process operating conditions and the final granular product 
performance is a critical issue in the pharmaceutical industry. The failure to realise the 
importance of fundamental material properties in predicting granulation behaviour of new 
formulations has necessitated expensive and extensive laboratory and pilot scale testing of 
all new materials. When the formulation and the raw materials are frequently changing in 
industry, manufacturing a reproducible product with the desired specifications is 
commonly difficult in practise. The complex interdependence of individual feed properties 
and process parameters makes this process even harder to predict and control. To minimise 
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product failure and the associated economic costs, it is therefore important to be able to 
predict the granulation behaviour of a new feed from the fundamental material property 
perspective.  
In the last decade, considerable advances in the understanding of granulation have 
been achieved, making it possible to obtain a qualitative understanding of the effects of 
different variables (from both the material properties and process operations) on 
granulation behaviour. A key objective of this research is to enable the quantitative and 
qualitative predictions of granule properties based on a scientific understanding of the 
fundamental phenomena underlying granulation.  
Over the years, there is a growing amount of research highlighting the importance of 
powder surface properties in determining granule properties and granulation behaviour. 
The earliest research in the area was probably the work by Aulton and Banks [3] who in 
1979 found that the wettability (or contact angle) of water on different proportions of 
salicylic acid and lactose compacts is inversely related to the mean granule sizes in 
fluidised bed granulation. In 1983, Krycer, Pope and Hersey [4] concluded that granule and 
tablet properties are governed by a range of phenomena including the wetting of the solid 
substrate by the liquid binder, binder cohesion and binder-substrate adhesion. The binder 
cohesion and binder-substrate adhesion are determined by the surface energetic properties 
of the solid and liquid materials under investigation. The ability of the binder solution to 
spread across the surface of drug or excipient particles, and the strength of adhesion of the 
drug to the dry binder are directly related to the surface energy of the materials used. One 
pioneering research into the use of surface energy data to predict granule properties is the 
work of Rowe between 1988 and 1993 [5-12]. In a series of papers published in this period, 
Rowe and his co-workers have shown that it is possible to access the relative influence of 
binder cohesion and binder-substrate adhesion on granule morphology, granule fracture 
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processes and granule strength based on the predictions of the thermodynamic work of 
cohesion and adhesion using a knowledge of either solubility parameters, fractional 
polarities or surface free energies. Subsequent work such as those by Zagic and Buckton 
[13], and Simons and co-workers [14] have adopted similar approaches in the selection of 
the optimum binder for granulations. Although these approaches have been used, to a 
certain limited success, to predict granule properties, fundamental problems exist 
particularly in the way surface free energies or wetting data were acquired and/or in the 
simplifying assumptions made in the estimations. 
Common characterisation methods for determining the surface energetics and 
wettability of pharmaceutical solids involve the measurement of contact angle obtained via 
various experimental techniques. In the sessile drop technique, contact angles are typically 
measured on compressed powder surfaces or powder adhered to a glass slide. Other 
established methods include obtaining the contact angle via the Washburn equation by 
measuring the rate of liquid rise in a column packed with the solid of interest or by the 
Wilhelmy plate technique on compressed powdered plates. However, these methods have 
been shown to have significant limitations in the accurate assessment of surface energy, 
and would at best reveal an average property [15]. Real solid surfaces possess surface 
heterogeneity which may be due to presence of impurities, different crystal facets, growth 
steps, crystal edges, surface pores, local degree of crystallinity and surface functional 
groups [16]. Although our intuitive expectation would be that crystalline solids are 
energetically heterogeneous, they have been traditionally assumed to be non facet-specific 
simply because conventional techniques have been unable to characterise this fundamental 
property with ease and with great confidence. The closest experimental validation of 
surface energy heterogeneity of crystalline solids is by Heng and his co-workers who 
conducted sessile drop contact angle measurements on specific surfaces of macroscopic 
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crystals to derive surface energetic information [17]. Using macroscopic crystals, they 
were able to measure experimentally, for the first time, the facet-specific surface energetics 
and wettability of crystalline pharmaceutical solids which has been experimentally 
inaccessible in the past. Though a number of studies into the effects of surface energetics 
in granulation exists, none has realised the importance of surface heterogeneity due to the 
simplifying assumptions that particulates are spherical and non facet-specific. For example, 
in the milling of form 1 paracetamol crystals, the weakest attachment energy facet which 
was shown to possess the highest dispersive surface energy (33% higher than other facets) 
is exposed [18]. One would therefore be imprudent to predict that a milled and unmilled 
sample of paracetamol would granulate in the same way under identical conditions. The 
surface chemistry of two different batches of the same formulation may also be different 
due to the crystal surface structure and/or the impurities that might be present. Therefore, 
there exists a major need to be able to characterise the difference between these samples. 
The objectives of this thesis are therefore to develop and apply a new methodology which 
is able to distinguish differences in surface energetic heterogeneity, as well as to determine 
how the surface energetic properties are related to granule characteristics in the wet 
granulation process.  
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1.2 Objectives 
 
The general objective of this research is to develop and validate new methodology for the 
characterisation of surface energetic heterogeneity of crystalline pharmaceuticals, and to 
evaluate the effects of surface chemistry in the high shear granulation of these materials. 
 
The specific objectives of this research are: 
a) to determine the surface properties of a model active pharmaceutical ingredient 
(API) and a model pharmaceutical excipient as well as their interfacial interactions 
with binder solutions; 
b) to rationalise the surface energetic properties based on localised surface chemistry; 
c) to develop and apply new methodology in the determination of surface energetic 
profile of particulate pharmaceuticals; 
d) to assess the relevance of surface energetic properties of materials in a high shear 
wet granulation process; 
e)  and to relate the surface energetic properties of materials to granule characteristics, 
such as particle size distribution (PSD) and mechanical performance of granules in 
a high shear wet granulation process. 
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CHAPTER 2 PROPERTIES OF PHARMACEUTICAL SOLIDS 
 
2.1 Introduction 
 
Active pharmaceutical ingredients (API) or the active drug substances can be introduced 
into the human body via several routes. For maximum therapeutic effectiveness, the drug 
treatment is designed to target specific sites in the body where the therapeutic response 
takes place. Since the drug can be introduced into the body far from the specific target sites, 
the pharmacokinetics of the drug - the processes of absorption, distribution, metabolism, 
and elimination in the body, is one of the critical issues in drug design and formulation 
[19].  
 The active drug can be administered orally, intravenously (injection into a vein), 
intramuscaularly (injection into a muscle), sublingually (under tongue), transdermally 
(through the skin by a patch), by inhalation (breath into the lungs, usually through the 
mouth), amongst many others. The purpose of a dosage form design is to achieve a reliable 
therapeutic response to a drug whilst being capable of large-scale manufacture with 
reproducible product quality [19]. Although each route has its specific advantages and 
disadvantages, the oral route is the most frequently used because it is the simplest, most 
convenient and safest means of drug administration. Drugs administered via the oral route 
are typically produced in the tabletted form or as capsules due to their effectiveness and 
economic advantages for drug delivery, although suspensions, solutions and emulsions can 
be used. The dry powder inhalers are also increasingly used for pulmonary drug delivery 
due to the vast drug absorption area provided by the lungs. These combined advantages 
mean that more than 90% of all drugs are administered in the solid state dosage form [20]. 
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2.2 The Importance of Solid-State Properties 
 
Many pharmaceutical organic compounds can exist in different solid-state forms, e.g. 
polymorphs, hydrates and amorphous solids, in relation to their internal molecular 
conformations, resulting in differences in their lattice energies and entropy. The variation 
in their inter- and intramolecular interactions means that different pharmaceutical solids 
will possess different surface properties, such as surface energies, surface chemistry, 
wettability, topography and surface area; physical properties, such as flowability, density, 
hardness, compressibility, refractive index and deformability; thermodynamic properties, 
such as melting and sublimation temperature, vapour pressure, heat capacity, enthalpy, 
internal energy (i.e. structural energy) and solubility; spectroscopic properties, such as 
electronic, vibrational, rotational and nuclear spin transitions; kinetic properties, such as 
dissolution rate and stability; as well as electrical and magnetic properties.  
 These solid-state properties of drug substances have a profound effect on the 
materials processability at the manufacturing phase, and their stability during various 
stages of development and upon final storage. The physiological availability of the active 
ingredient is also largely dependent on the solid-state properties. For instance, a phase 
change due to the interconversion of polymorphs, change in the degree of crystallinity and 
in the level of solvent/water content in solvates/hydrates can alter the dissolution properties 
of the drug and potentially its bioavailability. The flowability of drug particles, which is 
important for processing ease, can be influenced by particle size, crystal habit and powder 
surface properties. A thorough understanding of the solid-state properties of materials in 
the solid dosage form and their interactions with other compounds and their environments 
is needed to achieve a stable, effective, reproducible and reliable product. 
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2.3 Pharmaceutical Solids Forms 
2.3.1 Crystalline State 
 
Crystalline materials or crystals comprise of a rigid lattice of atoms, molecules or ions in 
the form of a three dimensional array. The regularity of the local internal structure, also 
known as the unit cell, results in the crystal having a characteristic shape. Molecules in an 
organic crystal are largely held together by non-covalent interactions such as hydrogen 
bonding and Van der Waals forces which are discussed in more detail in Chapter 3. The 
unit cell has a specific dimension as defined by the translational vectors a, b and c and the 
angles x, y and z between the axes, from which the crystal system can be classified (Table 
2.1). The unit structure of a crystal can be assigned to one of the 7 crystal systems which 
can be further divided into 14 Bravais lattices in relation to the location of molecules 
within the unit cell. 
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Table 2.1: Unit Cell Systems of Crystals 
System 
(Bravais lattice structure) 
Length of axes Angles between 
axes 
Geometrical shapes 
Cubic 
(Primitive, Face-centered, 
Body-centered) 
a = b = c x = y = z = 90° 
  
 
Tetragonal 
(Primitive, Body-centered) a = b ≠ c x = y = z = 90° 
 
 
Orthorhombic 
(Primitive, Face-centered, 
Body-centered, Based-
centered) 
a ≠ b ≠ c x = y = z = 90° 
 
 
Monoclinic 
(Primitive, Based-
centered) 
a ≠ b ≠ c x = y  = 90° ≠ z 
 
Triclinic 
(Primitive) a ≠ b ≠ c x ≠ y ≠ z ≠ 90° 
 
 
Trigonal 
(Primitive) a = b = c x = y = z ≠ 90°  
 
Hexagonal 
(Primitive) a = b = d ≠ c 
c is 
perpendicular to 
the a, b and d 
axes, which are 
inclined at 60°  
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2.3.1.1 Crystal Habit 
 
Crystals from different crystal systems possess different faces, or facets, which are 
crystalline planes relating to the axial intercepts of the unit cells. The final crystal shape, or 
habit, is determined by the relative growth rates of each individual facet during 
crystallisation. Crystals of the same unit cell structure may, therefore, exhibit a variety of 
habits depending on the relative growth rates of individual facets, which are suggested to 
be dependent upon the intrinsic properties of the crystals, such as interplanar spacing and 
attachment energies, as well as external influences such as the solvent type, temperature 
and the crystallisation conditions [21]. 
 It is not surprising that the prediction of crystal habits has remained a debatable and 
complex issue because the final crystal shape is affected by the thermodynamic behaviour 
of the system as well as kinetic influences. In 1901, Wuff proposed that the crystal shape at 
thermodynamic equilibrium can be determined using Gibbs’ approach of minimisation of 
the total surface free energy per unit volume [22]: 
 Niconstli
i ...1, 

 (2.1) 
where γi is the surface free energy of face i and li is the perpendicular distance between the 
origin and face i. However, only small crystals can undergo rapid shape change to reach 
equilibrium and for large crystals, there needs to be a large number of transport processes 
to achieve such a large change in shape. The rate of equilibration, thus, is negligible for 
large crystals [23]. In view of the fact that crystal growth from solutions can be far from 
thermodynamic equilibrium, Chernov [24] modified Wuff’s condition by showing that the 
steady-state crystal shape can be predicted by the relative growth velocity of individual 
facets via: 
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 Niconstl
C
i
i ...1,   (2.2) 
where Ci is the perpendicular growth velocity of face i. The variation in facet growth 
velocity leads to general observations that the slower the growth rate of a facet, the larger 
its size on the crystal, and that the crystal habit is dominated by the slowest growing facets.  
Other theoretical models do exist for the estimation of growth velocities and 
therefore the crystal shapes. For instance, the Bravais-Friedel-Donnay-Harker (BFDH) [25, 
26] method suggests that the growth rate of the (hkl) face is proportional to the interplanar 
spacing of the corresponding lattice plane. 
The overall crystal habit can be characterised by its aspect ratio which is defined as 
the ratio of the minimal to the maximal dimension of the crystal. The aspect ratio of 
needle-shaped crystals is therefore much less than 1. Other shape parameters such as 
sphericity and convexity are sometimes used. 
 
2.3.1.2 Miller Indices 
 
Miller indices are identifications of individual facets or planes of a crystal with a defined 
unit cell structure. The facet with Miller indices (hkl) cuts through the unit cell axes a, b 
and c with intercepts a/h, b/k and c/l. For instance, the (100) facet will intersect axes a, b 
and c at 1, ∞, ∞, and the (102) facet will intersect at 1, ∞, 1/2 (Figure 2.3.1). The non-
intersection with the axis is denoted as infinity. Facet intersecting the axis in a negative 
direction is given a negative Miller index. The interplanar spacing, or d-spacing, is defined 
as the minimum distance between successive parallel planes in the same family, each with 
Miller index of (nh nk nl) where n is a positive or negative integer. 
 The Miller indices relate the external shape of the crystal to the orientation of the 
unit cell which defines the position of atoms, molecules or ions. Therefore, the 
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combination of the unit cell crystal structure and Miller indices permits the visualisation of 
functional groups exposed on crystal facets, and consequently, the surface chemistry of 
individual crystal facets. The measurement of surface properties of individual crystal facets 
is one of the objectives of the current research and will be discussed in further details in 
Chapter 7. 
 
 
Figure 2.3.1: A schematic view of a tetragonal unit cell with axial lengths a, b and c 
showing facets (100), (102) and (001). 
 
2.3.1.3 Determination of Miller Indices 
 
Miller indices of facets for an unknown crystal can be determined from the interfacial 
angles or dihedral angles which are the angles between two crystalline planes. In the Law 
of Constant Interfacial Angles, proposed by French mineralogist René-Just Haüy in 1784, 
the angles between corresponding planes of all crystals of the same polymorph of a given 
substance are constant. The interplanar spacing of a given unit cell, dhkl, and the dihedral 
angle, ρd, can be calculated from Equation 2.3—2.6. 
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In the case of an orthorhombic system: 
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In the case of a monoclinic system: 
   zalhcclbkahdhkl cos2
222222  (2.5) 
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  (2.6) 
where the reciprocal lattice constants, a*, b*, c* and z* are defined as usual (Refer to [27]). 
 
For centimetre-sized crystals, the dihedral angles can be measured directly by a 
contact goniometer, which consists of an arm pivoted on a protractor, with approximately 
± 1° precision (Figure 2.3.2 a). The accuracy can be improved by using a reflective 
goniometer which can measure the dihedral angles of crystals down to sub-millimetres in 
size. On the reflective goniometer (Figure 2.3.2 b), the crystal is held on a goniometer head 
which is attached to two graduated circles (in degree) perpendicular to each other. The 
circles allow the crystal face to be positioned such that the incident light is reflected 
towards the telescope. The dihedral angle can, therefore, be measured by measuring the 
angle or rotation between one reflected face and the next. 
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Figure 2.3.2: Measurement of dihedral angle from a) a simple contact goniometer and b) 
reflective goniometer. 
 
An alternative approach is to use modern ‘morphology’ software, such as Cerius2 
(Accelrys, Inc., CA, USA), to calculate a theoretical shape for a given crystal based on the 
unit cell parameters. The calculated crystal shape can be compared with the observed shape 
to determine the Miller Indices of different facets. 
 
2.3.2 Polymorphs 
 
Polymorphism is defined as the ability of a substance to exist as two or more crystalline 
phases that have different arrangements and conformations of atoms, molecules or ions in 
the crystal lattice [28]. In other words, polymorphic solids contain the same atoms, 
molecules or ions which are arranged into different unit cell structures. 
 Polymorphs can be classified, according to their thermodynamic properties, as 
either enantiotropes or monotropes. In an enantiotropic system, polymorphs can reversibly 
interconvert from one to another at a defined transition temperature below the melting 
point, whereas in a monotropic system, the transformation is irreversible. The 
thermodynamic relationship of polymorphs can be inferred from the Gibbs free energy 
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difference at a particular temperature expressed in the absolute scale. The Gibbs free 
energy difference between polymorphs can be obtained from solubility [29] and melting 
data [30].  
 
2.3.3 Amorphous State 
 
Amorphous solids, unlike crystalline solids, have no long-range order and possess liquid-
like behaviour. Because their molecules, atoms or ions are randomly packed in a totally 
non-uniform array, amorphous solids are anisotropic, i.e. their properties are direction 
independent, and do not produce a definitive X-ray diffraction pattern. The absence of 
stabilising lattice energy in an amorphous solid causes molar internal energy to be greater 
than that of the corresponding crystalline form. The higher Gibbs free energy compared to 
the crystalline form means that amorphous solids have lower stability and greater reactivity. 
Amorphous solids or partially amorphous solids can be prepared by rapid cooling, 
intensive milling, lyophilisation (freeze-drying) or spray-drying. 
An amorphous solid does not have a melting point, but is characterised by a unique 
glass transition temperature, Tg, the temperature at which its mechanical behaviour changes 
from glassy to rubbery. Molecules in glassy amorphous solids lack mobility and the solid 
is mechanically brittle. When the temperature is raised above Tg, the solids behave like an 
elastomer. Although amorphous solids exhibit desirable pharmaceutical properties such as 
fast dissolution rates, when these thermodynamically metastable amorphous solids are 
stored above the Tg, the increase in molecular mobility can result in their rapid conversion 
to the crystalline form or enhanced chemical reactivity of the amorphous phase. The Tg of 
an amorphous solid, thus, determines its chemical and physical stability as well as its 
viscoelastic properties, which are parameters of great importance for formulation scientists 
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if these substances are to be fully exploited. High energy mateials like amorphous solids 
can provide enhanced solubility, hence greater bioavailability, but their chemical and 
physical stabilities have to be carefully controlled to ensure the product safety and efficacy. 
 The crystallisation of an amorphous solid can be accelerated in the presence of 
small molecules, called a plasticiser, which fit between molecules, thereby enhancing their 
mobility. Water is a common plasticising agent which lowers the Tg of an amorphous 
solids. On the contrary, the physical stability of amorphous solids can be improved by 
forming a molecular dispersion with a suitable polymer which acts as an antiplasticising 
agent. The crystallisation of amorphous indomethacin (IMC) was shown to be inhibited by 
poly(vinylpyrrolidone) (PVP) [31]. When the concentration of PVP increases beyond 10% 
w/w, the Tg of IMC increases. It was suggested that the formation of hydrogen bonds 
between PVP and IMC disrupts the formation of IMC dimers which are critical for crystal 
nucleation.  
Tg is also often a function of moisture content or relative humidity [32]. Since water 
acts as a plasticising agent, the Tg will decrease as water content increases. The moisture 
content of PVP, which is commonly used as a binder in wet granulations, can affect the 
mechanical properties of granules and consequently, their compactability. Granules which 
are dried too far could be brittle if the Tg is above the room temperature.  
 
2.3.4 Enantiomorphs and Racemates 
 
Mirror images of molecules which do not superimpose or have planes or centres of 
symmetry are termed as enantiomers. Such molecules are capable of rotating the plane of 
light to the left or right, depending on the enantiomorphic form, as denoted by the R and S 
convention (although D and L notations are sometimes used). Crystallisation of 
  48 
 
 
enantiomers can lead to one of the following, the optically active R or S crystals or in the 
case of a mixture of the equipmolal proportions, a racemic compound. Racemism can also 
be exhibited by a mechanical mixture of two enantiomers of equal proportion, and is 
termed as conglomerates. 
 More than 50% of drugs in the market are chiral. Opposite enantiomers can differ 
considerably in their pharmacological and toxicological effects [33].  
 
2.3.5 Solvates and Hydrates 
 
Water molecules can be incorporated in drug molecules to form stable crystal lattice 
structures due to their small size and their capability to form multidirectional hydrogen 
bonds. These stable crystal structures formed from both solute and water molecules are 
termed crystalline hydrates, and their formation is mainly due to the activity of water in the 
media. Similarly, solvates are stable crystalline solids when pure solvent molecules or a 
mixture of solvent molecules are held in defined lattice positions with a defined 
composition. It has been estimated that over one-third of pharmaceutical active substances 
are capable of forming crystalline hydrates [20]. The inclusion of water or solvent 
molecules affects the internal energy and entropy of the structure which, in turn, affects its 
thermodynamic stability. Therefore, careful and thorough studies of hydrate and solvate 
formation, interconversion and dehydration/desolvation play a crucial role on drug product 
design. 
 Crystalline hydrates can be classified into three different classes depending on their 
structure. Class 1 hydrates are termed isolated lattice site hydrates, where the water 
molecules are isolated from direct contact with other water molecules by intervening drug 
molecules. The second category (Class 2) is channel hydrates where water molecules are 
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found within void spacing or channels within the crystal lattice. This type of hydrates can 
take in water molecules in either stoichiometric or non-stoichiometric ratios, and will 
generate different X-ray diffraction patterns, for instance, as in the case of α-lactose 
monohydrate [34]. The third category of hydrates (Class 3) is termed metal ion-associated 
hydrates, where the water molecules are coordinated with the metal ions.  
 Hydrates and solvates are only stable within specific range of temperature and 
relative humidity, which can be easily studied with automated vapour sorption/desorption 
instruments [35].  Vapour sorption technique can also be used to study dehydration or 
desolvation kinetics as rapid hydration can lead to the catastrophic collapse of the crystal 
lattice resulting in the formation of an unstable amorphous phase.  
 It is outside the scope of this thesis to discuss pharmaceutical hydrates and solvates 
in details, although the control and applications of these materials are of particular interest 
to industrial scientists. Readers are directed to the comprehensive reviews by Grant [20, 
36]. 
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CHAPTER 3 INTERMOLECULAR FORCES & SURFACE 
ENERGY 
 
3.1 Introduction 
 
The processing and handling of pharmaceutical powders are influenced to a significant 
degree by particle-particle interactions. Intermolecular forces between surfaces result in 
repulsion, adhesion and cohesion behaviour which also affects the properties of the bulk 
powder. The nature and degree of the interactions at an interface are dictated by surface 
chemical properties such as the surface chemical groups and the surface free energy. This 
chapter will attempt to illustrate the origins of intermolecular forces as well as their 
important influences at the interface between different phases. This chapter is concluded 
with a description of the most common techniques employed in the pharmaceutical 
industry for the characterisation of surface tension and surface free energy of solid state 
materials.     
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3.2 Intermolecular Forces 
 
Attractive and repulsive forces, which can vary enormously, exist between all molecules. 
The existence of cohesive forces was first observed by English physicist Thomas Young 
and French mathematician Pierre-Simon Laplace in 1804—1806 to explain the phenomena 
of capillarity, but Dutch physicist Johannes Diderik van der Waals’ famous thesis in 1873 
probably kick-started the field of study in intermolecular forces. The properties of 
chemicals depend to a large extent on intermolecular forces: this includes the state of 
matter, the melting, boiling and sublimation temperature, the solubility, and amongst many 
other properties. 
 
3.2.1 Long-range Attractive Forces 
3.2.1.1 Van der Waals Forces 
 
Intermolecular interactions were considered for the first time in 1873 by van der Waals to 
explain the non-ideal behaviour of gases and liquids. In his well-known equation of state, 
 RTbVV
aP m
m
 ))(( 2  (3.1) 
where P is the pressure, Vm is the molar volume of the molecules, T is the temperature, a is 
the parameter characterising the strength of intermolecular interactions and b represents the 
reduction in volume due to finite molecular size, the attractive forces are called van der 
Waals forces which are stronger in liquids and solids due to their shorter interatomic 
distances. 
 In modern usage, van der Waals forces refer to all forms of molecular interactions 
due to polarisation of molecules. They are the long-range attractive forces which arise 
when the overlapping of electron clouds is small. Three different contributions of van der 
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Waals forces can be classified depending on the nature of the interacting molecules: 
dispersion contributions (London), induction contributions (Debye) and electrostatic 
contributions (Keesom). 
 London dispersion forces refer to the interactions of two molecules which do not 
have permanent dipole moment. The continuous motion of electrons orbiting around the 
nucleus means that the electron density fluctuates in time and space. These fluctuating 
electron clouds produce fluctuating dipoles which can induce an instantaneous dipole in a 
neighbouring molecule. These transient dipole interactions result in a net intermolecular 
attractive force which is present between all molecules. Debye forces, on the other hand, 
refer to the interaction of a molecule with a permanent dipole with a non-polar molecule. 
The electron charge distribution of a non-polar molecule can be distorted by the electric 
field of a dipolar molecule, resulting in the attraction of the induced dipole to dipole 
molecule. Keesom forces arise from the electrostatic interactions between two molecules 
both possessing permanent dipole moments.   
 
3.2.2 Short-range Attractive Forces 
3.2.2.1 Hydrogen Bonds 
 
Hydrogen bonds exist, to a varying degree, between electronegative atoms, such as oxygen, 
nitrogen, chlorine and fluorine, and hydrogen atoms that are covalently bound to similar 
electronegative atoms. They are predominantly electrostatic interactions which behave like 
weak covalent bonds, involving the donation of electron density from electron pair donor 
to acceptor. As the hydrogen atom is not shared but remains covalently bound to its parent 
atom, hydrogen bond is often denoted as BHA   where A and B are two 
electronegative groups. The directional nature of hydrogen bonds means that they have the 
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ability to form weak three dimensional structures in solids. This type of bonding can 
influence molecular arrangement in crystal lattice, and is therefore critical in the 
polymorphic structure of pharmaceutical solids and consequently, their chemical and 
physical properties. 
 
3.2.2.2 Coulombic Interactions 
 
Coulomb forces are very strong (stronger than most chemical bonds), short-range physical 
binding forces between two charged atoms or ions. The magnitude of this Coulomb force, 
or ionic force, depends on the magnitude and sign of the ionic charge of each element 
under consideration. For instance, the ionic valency for monovalent cation, Na+, is +1 and 
for monovalent anion, Cl-, is -1. The resulting force between Na+ and Cl-, which are unlike 
charges, is attractive. This type of molecular interactions is important for pharmaceutical 
salt complexes.  
 Besides the Coulombic interactions between two ions, attractive interaction can 
occur between a charged atom and a polar molecule in the so-called ion-dipole interaction. 
Details of this type of interactions are not discussed in this work, but are described in detail 
by Israelachvili [37].   
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3.3 Surface Tension and Surface Free Energy 
 
Surface tension of a liquid, which is discovered by English physicist Thomas Young in 
1805 [38] to explain the phenomena of capillarity, is the surface contractile force at the 
liquid-vapour interface due to an imbalance of intermolecular forces between molecules at 
the surface compared to the bulk. This force imbalance causes molecules at the surface to 
be attracted towards the interior of the fluid, but this inward attractive force is balanced by 
the fluid’s resistance to compression. This means that a liquid tends to minimise its surface 
area to volume ratio, and the equilibrium shape of a liquid droplet arises from a balance of 
internal pressure and surface tension. 
  The surface tension or surface free energy can be regarded as the energy required 
to produce a unit area of surface. Although the two terms are sometimes used 
interchangeably, there are fundamental differences which are illustrated in the next section.  
 
3.3.1 Thermodynamics of Liquid-Vapour Interface 
 
Considering the interface between a liquid of i number of components which is in 
equilibrium with its vapour, the change in density of the liquid to the vapour is not sharp 
on a molecular scale. If the thickness of the separation between bulk liquid and vapour 
phase is h and the area of the surface is A, the volume, Vσ, of the surface phase (denoted 
with superscript σ) can be expressed as (Figure 3.3.1): 
 hAV   (3.2) 
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Figure 3.3.1: Schematic diagram showing change of density with height across a liquid-
vapour interface. 
 
The work done in irreversibly creating new surface area of the surface phase and 
increasing its volume (by the system) is: 
  PdVdAdW   (3.3) 
From 1st and 2nd law of thermodynamics, the internal energy can be written as: 
 dWTdSdWdQdU   (3.4) 
Substituting equation 3.3 into 3.4, the internal energy becomes: 
  PdVdATdSdU   (3.5) 
Now, the Gibbs free energy of the surface phase can be written as: 
   ii
i
dnTSdPVddUdG  )()(  (3.6) 
   ii
i
dndTSdPVdAdG   (3.7) 
where µi is the chemical potential of component i and n is the amount of i. Therefore, at 
constant temperature, pressure and with constant amount of materials in the surface phase, 
equation 3.7 can be reduced to: 
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Surface tension, LV , can therefore be defined as the increase in Gibbs free energy per 
increase in surface area at constant T, P and n. From equation 3.7, the surface entropy per 
unit area, sσ, in the surface phase can be derived using Maxwell relations: 
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This shows that surface tension falls with increase in temperature, and disappears at the 
critical point. The existence of free energy results in attractive forces at the interfaces. 
 
3.3.2 Thermodynamics of Solid-Vapour Interface 
3.3.2.1 Solid Surfaces 
 
The definition of surface tension cannot be applied exactly to solids due to the much 
slower rearrangements of surface atoms at solid surface compared to liquid when the 
surface area is increased. The surface energy of a solid surface, SV , was shown to possess 
both an elastic and a plastic component, and is dependent on the history of the solid: 
 
total
elastic
total
plastic
SV d
d
d
d




   (3.10) 
where εplastic is the plastic strain, εelastic is the elastic strain, εtotal is the surface strain and Y is 
the surface stress. The increase in Gibbs free energy, in solid surface, is the reversible work 
required to expand against the surface tension and the surface stress.  
 For clarity, surface tension will be used for the liquid-vapour interface, whereas 
surface free energy of a solid surface refers to the free energy of the surface, SV , 
measured by a surface characterisation technique. 
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3.3.2.2 Vapour Adsorption on Solid Surfaces  
 
Adsorption is the accumulation of an adsorbate or a solute at an interface. At the vapour-
solid interface, the amount of adsorbate adsorbed on a surface is described by the 
adsorption isotherm which is a function of the amount adsorbed versus the partial pressure 
at constant temperature. All gases adsorb to solid surfaces due to van der Waals interaction 
below the critical temperature. Adsorption can be dominated by either physical interaction, 
i.e. physisorption, or chemical bonding, i.e. chemisorption. The difference between these 
two types of adsorption is summarised in Table 3.1. 
 
Table 3.1: Main Features of Physisorption and Chemisorption 
 Physisorption Chemisorption 
Sublimation energy 20—40 kJ/mol 100—400 kJ/mol 
Adsorbate freedom Relatively free to diffuse on 
the surface and rotate 
Adsorbates are bound to 
specific binding sites and is 
relatively imobile 
Surface molecular 
structure 
Does not change except for 
some solids such as ice and 
polymers 
Surface reconstruction 
Adsorption 
equilibrium 
Fast and reversible Non-reversible and 
experiments in ultra high 
vacuum is possible 
Forces Intermolecular Valence – chemical bonds 
 
Applying the Gibbs convention where the interfacial excess volume Vσ (or surface 
phase thickness = 0 ) is zero, the Gibbs dividing plane is located a the solid surface, and the 
surface excess,  Γ, can now be defined by: 
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A
N 
  (3.11) 
where Nσ is the number of moles adsorbed and A is the total surface area of the solid. The 
driving forces for adsorption are influenced by the various quantities (enthalpies, energies, 
entropies) of adsorption. When the adsorption reaches equilibrium at a certain temperature 
and pressure, the chemical potential of the molecules in the gas phase is equal to that of the 
adsorbed molecules, therefore the Gibbs free energy of adsorption becomes zero. 
 0 gadG 
   (3.12) 
 Several experimental adsorption isotherms can be distinguished depending on the 
physicochemical conditions of the interactions. Type A (Figure 3.3.2 a) is described by 
Henry’s Law, where Γ increases linearly with the partial pressure and is the ideal limiting 
case for low Γ: 
 PK H   (3.13) 
where KH is the Henry constant. Type B (Figure 3.3.2 b) is described by the Freundlich 
adsorption isotherm [39] for heterogeneous surfaces with high and low adsorption affinity 
regions. The high affinity regions are first occupied, accounting for a steep rise at the front 
of the isotherm, followed by reduced adsorption affinity due to lateral repulsion between 
adsorbed molecules. The Langmuir isotherm is a characteristic Type C isotherm (Figure 
3.3.2 c) and is characterised by the formation of a monolayer at high partial pressures [40]: 
 PK
PK
L
L
c 

1
    with   
mon
c 

   (3.14) 
where KL is the Langmuir constant, θc is the surface coverage and Γmon is the surface 
excess corresponding to a monolayer of molecules. Though this type of isotherm is rarely 
observed for gases, porous materials can observe this type of adsorption as their pores 
become saturated.  
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Figure 3.3.2: Schematic diagrams of eight commonly observed adsorption isotherms. 
 
A Type D isotherm (Figure 3.3.2 d) is commonly observed for flat, homogeneous 
adsorbents and is characterised by strong interactions between adsorbed molecules and 
those at the bulk. Type E and F (Figure 3.3.2 e and f) can both be described by the 
Brunauer-Emmett-Teller (BET) adsorption model [41], given as: 
      000 1/1/1 P
P
CPPPP
C
n
n
BET
BET
m
c 
   (3.15) 
where n is the amount adsorbed, nm is the monolayer capacity, CBET is the BET constant 
and P0 is the saturation vapour pressure. Type E is a multilayer adsorption isotherm 
displaying a point of inflexion which is attributed to the formation of a monolayer. 
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Multilayers of molecules are subsequently formed on the surface at higher pressures. The F 
type is observed for adsorbents with a weaker monolayer binding affinity than the binding 
of molecules to already adsorbed molecules, i.e. heat of adsorption is lower than heat of 
condensation. Type G (Figure 3.3.2 g) is typical for very strong adsorption interactions, 
whereas Type H isotherms (Figure 3.3.2 h) are observed with porous materials with a 
second inhibition of adsorption. 
 
3.3.3 Thermodynamics of Solid-Liquid Interface 
3.3.3.1 Wetting 
 
When liquid i spreads across solid substrate j, the solid surface area, Aj, is replaced by the 
creation of new interfacial area, Aij. Therefore, 
 jiji dAdAdA   (3.16) 
And the total free energy of the system can be described by the exact differential equation: 
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From equation 3.8 and for one component system, equation 3.17 can be expressed as: 
 jjijijii dAdAdAdG    (3.18) 
Using equation 3.16 and 3.18, the spreading coefficient of liquid i over solid substrate j, λij, 
can be derived as: 
 ijijij
PTiA
G
 








,
 (3.19) 
For a spontaneous spreading process, the change in Gibbs energy is negative, therefore the 
spreading coefficient is larger than zero. Similarly, the spreading coefficient of solid j over 
liquid i is: 
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 jiijji    (3.20) 
    
3.3.3.2 Work of Cohesion and Adhesion 
 
The work of cohesion, WC, is the reversible work required to separate two like bodies, 
whereas the work of adhesion, WA, is the reversible work required to separate two unlike 
bodies (Figure 3.3.3): 
 iCW 2  (3.21) 
The separation of two unlike bodies leads to the disappearance of the interfacial 
area between the bodies whilst two new surfaces are created. The work of adhesion for an 
interface, thus, as defined by Dupré is: 
 ijjiAW    (3.22) 
and the Young-Dupré relationship is defined as: 
 )1(cos   ijAW  (3.23) 
 
 
Figure 3.3.3: Schematic diagram representing a) separation of two like bodies and b) 
separation of two unlike bodies. 
 
The spreading coefficients of phase i over phase j and vice versa are closely related to the 
work of adhesion and work of cohesion via:  
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 CiAij WW   (3.24) 
 CjAji WW   (3.25) 
 
3.3.3.3 Young’s Equation 
 
The basis for a quantitative description of wetting phenomena was first put forward by 
Thomas Young in 1805 in his well-known Young’s equation [38]. When a liquid droplet is 
placed on a solid surface, the drop may either spread completely, or it may reach an 
equilibrium finite contact angle, θ, between the liquid-vapour interface and the surface of 
the solid. The establishment of a finite θ implies the existence of a three-phase contact line 
where the solid, liquid and vapour are in contact. Young’s equation is derived from the 
horizontal balance of forces at any point on this three-phase contact line (Figure 3.3.4 a): 
 YLVSLSV  cos
0   (3.26) 
where 0SV  is the surface energy of the solid free of an adsorbed vapour film, LV is the 
liquid-vapour surface tension, SL  is the solid-liquid surface energy, and Y is the Young 
contact angle. The parameter YLV  cos , also known as the adhesion tension, indicates the 
relative magnitude of 0SV  and SL . If the liquid wets the solid with Y  less than 90°, the 
adhesion tension is larger than zero and therefore, 0SV  is bigger than SL . On the contrary, 
SL  is larger than 
0
SV  if the contact angle exceeds 90°. 
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Figure 3.3.4: Equilibrium Young contact angle and the balance of forces at the three-phase 
contact line on a) clean surface and b) surface with adsorbed molecules. 
 
 Bangham and Razouk [42] were the first to realise and report the distinction 
between  0SV  and SV . A liquid which is in thermodynamic equilibrium with its own 
saturated vapour may lead to the adsorption of the vapour phase molecules on the solid 
surface, resulting in a reduction of the solid-vapour surface energy (Figure 3.3.4 b). This 
reduction of surface energy is termed the equilibrium spreading pressure, e , and the 
Young’s equation is thus redefined as:  
 eLVSLeSV  cos  (3.27) 
where SV  is the surface energy of the solid free in the presence of an adsorbed vapour 
film, and e is the equilibrium contact angle. Numerous attempts have been made to 
measure the equilibrium spreading pressure by various workers including Adamson [43], 
Fowkes et al. [44], van Oss et al. [45] and Schrader [46], but it has remained an unresolved 
issue owing to the difficulty of measuring the absolute value of e . In the work of Fowkes 
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and co-workers [44], its was concluded that high surface tension liquids such as 
diiodomethane and water do not spread appreciably on low energy solid surface, and 
similar conclusion was also reported by van Oss et al. [45]. e  is, therefore for these 
reasons, often neglected in the evaluation of solid surface energy when the contact angle is 
larger than 10°. 
 
3.3.3.4 Surface Energy Components 
 
Surface energy component approaches, such as those proposed by Fowkes [47], Owens-
Wendt [48], Wu [49], Fowkes and Mostafa [50], van Oss, Chaudhury and Good (vOCG) 
[51] and Chen-Chang [52], are based on the assumption that only forces of the same kind 
interact across a common interface. Consequently the total surface energy should consist of 
several independent, or partially independent components, each of which represents a 
distinctly different type of intermolecular interaction. Initially, Fowkes proposed that the 
surface free energy could be considered to consist of a dispersive and a non-dispersive 
component such that: 
 ndSV
d
SV
i
SVSV    (3.28) 
whereby i is the various components making up the dispersive and the non-dispersive 
components of Keesom, Debye, coulombic interactions, hydrogen bonding, etc. The 
determination of dSV  is possible by using purely dispersive liquid probes (where 
p
SV  = 0 
mJ/m2), and a geometric mean approximation, given by:  
 12cos  d
LV
d
SV


  (3.29) 
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 Owens and Wendt [48] extended Fowkes’ approach such that:  
 pSV
d
SVSV    (3.30) 
whereby dSV  is the non-bonding interactions of London, Keesom, Debye forces (also 
termed as Lifshitz van der Waals interactions) and pSV  refers to all remaining polar 
interactions. 
Combining Equation 3.30 with the Young’s equation (Equation 3.26) yields: 
 pLV
p
SV
d
LV
d
SVLVSVSL  22   (3.31) 
By measuring the contact angles of at least two probe liquids and from the linearisation of 
the above equation, one is therefore able to obtain dSV  and 
p
SV .  
The Debye forces normally accounts for only a few percent of the van der Waals 
forces while Keesom interactions may be comparable in magnitude to the London forces. 
The grouping of van der Waals interactions may be complicated by the fact that a polar 
molecule may induce a molecule of the other phase at the interface [53]. In addition, 
dipoles of one phase can only interact with dipoles of the other phase at the interface, and 
likewise for induced dipoles, the combination of these forces into one general term is 
theoretically incorrect. Wu [49] employed a similar approach, by approximating the 
interactions via a harmonic mean method, but this approach is most applicable for 
polymeric systems.  
 Molecules such as esters, ethers and aromatics may not possess internal hydrogen 
bonds, but they may form hydrogen bonds with other local molecules [50]. Instead of 
distinguishing between dispersion and polar interactions, van Oss, Chaudhury and Good 
[51, 54, 55] proposed a model, or otherwise known as the acid/base approach, which 
separates ‘physical’ long-ranged from ‘chemical’ short-ranged interactions. This model 
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groups together all physical interaction components, the London, Keesom and Debye 
forces, into an apolar Lifshitz-van der Waals component LWSV , and all chemical and Lewis-
acid/base interactions (electron donor/acceptor interactions) including hydrogen bonding 
into a single Lewis-acid/base component ABSV : 
  SVSV
LW
SV
AB
SV
LW
SVSV  2  (3.32) 
The underlying argument for such a separation approach refers to the specific nature and 
the directionality of the underlying chemical interactions. The acid/base approach groups 
symmetrically and non-specifically acting forces within the LW-term, but separates the 
specifically, but complementarily, acting forces in the chemical context in the AB-term. 
Since acid/base interactions are intrinsically specific and depend on the complementary 
availability of corresponding sites at the interface, the AB-term has to be subdivided 
resulting in an acid + and a base   parameter of the surface tension. The acid/base 
approach also uses the geometric mean combining method to describe the interaction 
between the phases. Three liquids with known surface tension components, of which two 
are polar liquids with known LV  and 

LV  are needed to determine the solid surface free 
energy components. van Oss, Chaudhury and Good utilised water as reference with +: - 
equal to unity. This is assumed to be the cause of the “basicity catastrophe” [56]. Della 
Volpe and Siboni [57], however, proposed different ratios suggesting that water is rather 
acidic than amphoteric. 
Fowkes believed that the acid-base interactions could not be approximated by the 
same geometric mean, which is used to describe the London dispersion interactions. 
Fowkes and Mostafa [50] proposed that the acid-base work of adhesion can be written as: 
 ABAB
AB
A HNfW   (3.33) 
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where NAB is the number of acid/base interactions per unit area, ABH  is the enthalpy of 
adsorption for the acid-base interactions and f is a constant which corrects the enthalpy 
units in surface free energy term. Methods to determinate ABH  have been proposed by 
both Drago et al. [58] and Gutmann [59] who related the acid/base properties of solids to 
ABH . 
 Drago’s model describes the acid/base hardness of the solid which is related to the 
polarisabililty as follows: 
  BABAAB CCEEH   (3.34) 
whereby EA and EB are the susceptibilities of the acid and base, respectively, to undergo 
electrostatic interaction and CA and CB are the susceptibilities of the acid and base, 
respectively, to form covalent bonds. The hardness of the solid is measured by the ratio of 
E/C: materials with a low polarisability is classified as hard whereas materials with a high 
polarisability is classified as soft. Iodine is the reference material with EA and CA values 
equating to unity. This model, however, fails for materials when they are dominantly hard 
or soft, and does not allow one to easily consider the amphoteric nature of some materials. 
 To accommodate the amphoteric nature of bipolar compounds, Gutmann [59] 
introduced the notion of electron donor numbers (DN) and electron acceptor numbers (AN). 
According to Gutmann’s theory: 
  ANKDNKH BAAB   (3.35) 
where KA and KB are the acid and base numbers of the solid reflecting its electron acceptor 
and donor characteristics respectively. The electron donor numbers and electron acceptor 
numbers are similar to the acid and base parameters, + and  , proposed by van Oss et al.. 
DN of the solvent is evaluated based on the exothermic heat of mixing with antimony 
pentachloride (SbCl5) in a solution of dichloroethane, whilst AN is determined from the 
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relative 13P—NMR shift induced by triethylphosphine oxide [(C2H5)3PO]. The unit of AN 
is arbitrary, with the value of 0 assigned for hexane and 100 assigned for SbCl5. Riddle and 
Fowkes [60], however, observed that the 13P—NMR spectrum is also shifted downfield 
appreciably by van der Waals interactions. This was apparent when basic liquids such as 
pyridine are found to have large AN values due to the strong van der Waals interactions of 
liquid pyridine. The corrected electron acceptor number (AN*), with the dispersive 
component of AN (ANd) removed, is given as: 
  )(288.0* dANANAN   (3.36) 
The approach of Gutmann is routinely used to characterise the acid and base properties of 
particulate samples by inverse gas chromatography (IGC) with some success. The IGC 
technique is detailed in Chapter 8.  
Chen and Chang [52] proposed a model in much similarity to the vOCG model, 
with the difference based on the way the Lewis acid/base interactions are modelled. This 
model uses identical geometric mean approximation for LWAW   as the vOCG model, but the 
acid/base interaction is modelled using two parameters, aiP and 
b
iP , which are referred to 
as principal values of the acid and base of phase i respectively. The solid-vapour surface 
energy is defined as: 
   bSaSLWSABSVLWSVSV PPP  22
1
  (3.37) 
and the work of adhesion at the solid-liquid interface can therefore be written as: 
   )(2 aLbSbLaSLWLLWSA PPPPPPW   (3.38) 
where the superscript LW, a and b denote the Lifshitz van der Waals, Lewis acidic and 
basic components respectively, and the subscript S and L denotes the solid and liquid phase 
respectively. The acid/base character of a material is characterised by the sign of the acid 
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and base principal values, including materials which are amphoteric in nature. More 
importantly, the Chen-Chang model allows for both attractive and repulsive interactions, 
i.e.  ABAW , whereas the vOCG model assumes that 0
AB
AW . 
 
3.3.3.5 Equation of State Models 
 
Neumann and co-workers [61, 62] proposed an equation of state approach. The basic idea of 
this approach was to assume that the relationship between cos  and LV  is universal. It is 
assumed that the contact angle θ is solely determined by the solid and liquid surface tension. 
Therefore, a three-phase-two-component system with the same surface tensions of the solid 
and liquid should always give equal contact angles, independent from the type and strength 
of the molecular interaction: 
 ),(cos LVSVf      (3.39) 
 ),(),( LVSVLVSVSVSL gf    (3.40) 
where f and g are suitable functions. From solid and liquid pairs which conform to the 
validity of the Young’s equation, Kwok and Neumann [63] have observed smooth 
monotonic dependence of  cosLV  with LV , consistent with Equation 3.39. Based on the 
geometric mean combining rule of the Berthelot rule, Li and Neumann [61] proposed 
modifying this rule to take into account the over-predictions of unlike-pair interactions by 
introducing an empirical parameter and the interfacial tension is therefore described as: 
  
2
2 SVLVeLVSVLVSVSL
     (3.41) 
where β is empirically determined as 0.0001247 (m2/mJ)2. Zhang and Kwok [64] refined the 
combining rule, giving a new formula to calculate the work of adhesion as: 
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where the empirical constant αk = 0.813 m2/mJ. The equation of state approach, nevertheless, 
has attracted only limited support in the literature and the validity of this approach has been 
disputed [65-67].  
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3.4   Surface Energetics Characterisation Methods 
 
The physical and chemical properties of solid-state pharmaceuticals can be reflected on 
various physicochemical parameters as well as in the processing behaviour and rate of 
release of the active ingredient [68]. It is, therefore, not surprising that the pharmaceutical 
industry and regulatory authorities have directed much attention to the quality and 
processability of active pharmaceutical ingredients (APIs). One important physicochemical 
property of solid-state pharmaceutical solids is the surface free energy which has been 
detailed previously. Knowledge of surface energetics is important in the formulation 
design of multi-component systems and the prediction of processing performance such as 
binder-drug adhesion, powder flow, compaction and granulation performances [69-72]. 
Common methods of characterising the surface energetics of particulate pharmaceuticals 
rely on indirect approaches involving the use of characterised or known vapours, liquids or 
solids as probes as in inverse gas chromatography (IGC) [73], sessile drop contact angle 
[74] and atomic force microscopy (AFM) [75] respectively. 
 The surface energetics of solids is related to their wettability (contact angle) via the 
Young’s equation. Due to its important role in the processing industry, a constant effort is 
being made to develop appropriate and reliable methods for contact angle measurement. A 
large number of references can also be found on the wettability assessment of solids based 
on the determination of the solid-liquid contact angle.  
Surface energetics characterisation techniques of solid materials can be classified 
into five different categories: spreading, capillary rise, Wilhelmy plate, immersional, 
condensation/adsorption and contact force (Figure 3.4.1). These techniques measure 
directly the surface energy of the solids, or indirectly via the contact angle or the adhesive 
force between the chemical probe and the surface. A detailed review of these techniques 
are provided in this section. 
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Figure 3.4.1: Surface energy characterisation techniques from the principles of a) 
spreading b) capillary rise c) Wilhelmy plate d) heat of immersion e) 
condensation/adsorption and f) contact force. 
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3.4.1 Sessile Drop 
  
Spreading is a process in which a given amount of a liquid spreads over a solid substrate 
(Figure 3.4.1 a). One of the commonly used spread wetting techniques to measure 
interfacial free energy is the sessile drop method. When a liquid drop is deposited on a 
horizontally positioned, perfectly planar, chemically homogenous, smooth solid surface, 
spreading occurs until an equilibrium contact angle is reached at which cohesive 
interactions (of the liquid) that tend to conserve the spherical form of the drop are balanced 
by the adhesive interactions (between the liquid and the solid) responsible for liquid 
spreading. If drop size is small enough so that the gravitational forces are neglectable, the 
relation between surface energies and the contact angle at equilibrium is given by the 
classical Young’s equation (Equation 3.26). 
The sessile drop contact angle method is a simple, straight forward procedure for 
measuring wettability, and is sensitive to the first 10 Å (1 nm) of a surface [76].  
Experimental measurements of the contact angles are usually performed optically with the 
use of computer programs to fit drop profile dimensions to a Laplacian equation of the 
drop shape. A flat solid sample area of only a few square millimeters is required and small 
quantities of non-reactive probe liquid (µL) of low volatility are sufficient to obtain contact 
angle data. In order to obtain the advancing contact angle, A , the liquid front has to 
advance across fresh surface and this is achieved by increasing the drop volume slowly. 
Decreasing the volume allows the receding contact angle, R , to be measured. The 
existence of the contact angle hysteresis [77-80], which is defined as the difference 
between the A  and the R , has been reported to be primarily due to surface roughness and 
chemical heterogeneity of the surface [81-83]. 
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Contact angle determination of complex organic solids using the sessile drop 
method is commonly performed on powder compacts or tablets, although contact angles 
can be measured on fine, single particles by microscopic visualisation of the solid-liquid 
interface with an Environmental Scanning Electron Microscope (ESEM) [84]. The former 
method is limited to powders which form a coherent compact and continue to hold in the 
presence of the test liquid. In addition, compaction of powders under high pressures can 
cause surface deformation [85], and the microscopic roughness of the compact surface can 
lead to uncertainties in the contact angle assessment. The apparent contact angles measured 
may, therefore, not represent the true equilibrium surface energy. On the other hand, 
measuring contact angle via the ESEM technique is only restricted to the use of water as 
probe, and is unsuitable for low contact angles, porous particles [84]. Materials which may 
undergo deliquescence are also unsuitable.  
The inability to measure contact angles directly on individual powder particles with a 
goniometer or a digital image analyser is due to the small size of powder particles, 
normally <100 µm in diameter. This limitation can, in theory, be overcome by the use of 
very small droplets, but small droplets vaporise quickly due to their high Laplacian 
pressure. One possible way of overcoming this problem is to obtain large (millimeter scale) 
surfaces for the sessile drop technique via the crystallisation of macroscopic sized single 
crystals. This approach was adopted for the first time by Heng and co-workers [86] to 
derive surface energetic information from crystalline organic surfaces. The smooth and flat 
facets of crystals are ideal surfaces for the sessile drop method. This method is adopted in 
this thesis to study the wettability of a crystalline racemic system and, for the first time, a 
pharmaceutical excipient. 
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3.4.2 Capillary Rise 
 
Capillary rise is a wetting process in which a capillary, packed with the powder of interest, 
is immersed in a wetting liquid contained in a broad vessel (Figure 3.4.1 b). The wettability 
of the powder can either be determined from the rate of liquid penetration into the powder 
bed or from the pressure required to keep the liquid out of the powder bed. 
From the Washburn model, the equilibrium height of the capillary rise is reached 
when there is a balance between capillary and gravitational forces acting on the liquid in 
the capillary: 
 
eff
LV
e gr
h




cos2
 (3.43) 
 
where he is the height of liquid at equilibrium, reff is the effective interstitial pore radius and 
Δρ is the density difference between the liquid and its vapour. The rate of liquid 
penetration through the powder can be used to calculate the contact angle by assuming 
negligible gravitational effects, constant cylindrical pore geometry and that the liquid has a 
Newtonian behaviour via Equation 3.44 which is derived in combination with the Hagen-
Poiseuille law and the Laplace equation: 
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LVeff
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2
cos2  (3.44) 
 
where ht is the height of liquid at time t. The penetration profile for a liquid which 
completely wets the powder (θ = 0°) is first measured to obtain reff. The rate of penetration 
for a series of non-reactive liquids can then be measured from similarly prepared powder 
beds to determine the contact angle. 
 The capillary rise technique has been applied to characterise the wettability of 
pharmaceutical powders [87, 88]. However, doubts have been raised regarding the 
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significance of the data obtained via this method as the measured values do not correspond 
to the equilibrium contact angle [84]. It is also difficult to separate effects of contact angle 
and bed pore size due to the poor reproducibility of the column packing, leading to doubts 
about data accuracy. Difficulties such as non-penetration also arise with some liquids of 
interest, e.g. water, due to the hydrophobic nature of many drug powders [89]. For porous 
materials, Brugnara et al. [90] argued that the calculation of contact angles from the 
Washburn equation does not fulfill the exact conditions of its validity, and a weak 
correlation was found to exist between the contact angles estimated through the Washburn 
equation and those directly measured. Furthermore, Equation 3.44 is not applicable for 
large coarse particles when the gravitational effects are not negligible. 
 
3.4.3 Wilhelmy Plate 
 
The Wilhelmy plate technique is a tensiometric method that measures the forces that are 
present when a sample of solid is brought into contact with a test liquid (Figure 3.4.1 c). 
The wetting force, F, is related to the geometry (perimeter, p) of the solid sample (i.e the 
plate or compressed powder disc), the surface tension of the test liquid and the contact 
angle at zero depth of immersion via: 
  cosLVpF   (3.45) 
  The Wilhelmy plate is also a common characterisation method for liquids with 
unknown surface tension. The wetting force can be directly used to obtain the surface 
tension by using a roughened plate to ensure complete wetting and of known perimeter. 
The plate is normally made from platinum due to its non-reactivity. 
 The immersion of the solid plate or disc into the test liquid results in a reduction of 
the wetting force due to buoyancy force exerted by the liquid on the plate (Figure 3.4.2): 
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   VgpF LV cos  (3.46) 
where V is the volume of liquid displaced and Δρ is the density difference between the 
solid plate and the liquid. This leads to the ability to measure both the advancing contact 
angle and receding contact angle as the plate or disc is advanced and retrieved from the 
liquid respectively. 
 
 
Figure 3.4.2: Forces balance on a plate or powder disc at a) zero depth of immersion and b) 
finite depth of immersion. 
 
 The Wilhelmy plate technique is particularly suitable for the wettability 
characterisation of fibres and thin films due to their smooth, homogeneous surfaces as well 
as their constant perimeters. Contact angles of pharmaceutical powders are either 
determined from compressed powder discs or glass slides where the powders are adhered 
with an adhesive [91, 92]. The change in the surface chemistry of the native powder in 
compaction can lead to imprecise results, regardless of the accuracy of the experiment [93]. 
However, the use of powder adhered slides also requires reliable estimation of the wetting 
perimeter as well as the potential effect by the adhesive on the contact angle results. 
Although this approach to determine wetting perimeter involving the use of non-polar 
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liquids with finite contact angles to solve a system of equations was suggested [94], it has 
been criticised for its potential erroneous conclusions [95]. The application of this 
technique for the characterisation of powders has remained a complex problem. 
 
3.4.4 Heat of Immersion 
 
The contact angle can be indirectly measured from the heat or enthalpy change when solid 
powders are submerged into a liquid so that the entire solid-liquid interface is replaced by 
the solid-liquid interface (Figure 3.4.1 d). The associated Gibbs free energy change, ΔGim, 
and the heat of immersion are given by: 
 SVSLimG    (3.47) 
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Recalling the Young’s equation where eSLSVLV  cos  and substituting 
in Equation 3.48 yields: 
 kTH eLVim   cos  (3.49) 
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Therefore, 
LV
eim kTH




cos  (3.51) 
If the solid-liquid and surface tension are assumed to be independent of temperature, 
it is suggested that the value of k is 7 × 10-5 J m-1 K-1 [96]. A few studies have described 
the wettability of pharmaceutical powders using microcalorimetric technique in the 
literature [97, 98]. Contact angle results from this technique may be affected by pre-
adsorbed molecules on the solid surface. 
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3.4.5 Condensational or Adsorptive 
 
The condensational or adsorptive methods make use of adsorption isotherm data to 
characterise the wettability of the material (Figure 3.4.1 e). In the case of condensational 
vapour adsorption method, a vapour of known physical/chemical properties is allowed to 
adsorb on the solid material (substrate) to probe its surface physicochemical properties. 
Adsorption can proceed until the formation of a thin vapour film. Two different techniques 
which utilise this adsorptive approach are described in this section.  
 
3.4.5.1 Inverse Gas Chromatography (IGC) 
 
The applicability of inverse gas chromatography (IGC) in the characterisation of 
pharmaceutical materials has been increasingly recognised in recent years. IGC, the 
inverse of analytical gas chromatography, is an advanced instrumentation method for the 
characterisation of solids, specifically for particulates and porous materials. In IGC, a 
column packed with unknown solid sample is injected with known vapour probes via an 
inert carrier gas (Figure 3.4.3). The retention data of the probe molecules are inherently 
related to the solid-vapour interactions which can be used to determine a number of surface 
and bulk properties of solids such as surface energies, acid-base functionality, diffusion 
kinetics, surface heterogeneity, solubility parameters and phase transition temperatures of 
the solids. 
Calculation of the surface energetics from IGC analysis is based on measuring the 
dynamic adsorption characteristics of known adsorbates (the probe molecules). 
Experiments of the samples can be carried out using a pulse or frontal technique. The 
former methodology utilises only a certain amount of probe molecules which are 
transported by a mobile carrier gas through the system to the column. Adsorption and 
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desorption of the probe molecules occurs subsequently, resulting in a chromatographic 
peak. In the latter methodology, however, the probe molecule is injected continuously via 
the carrier gas to the column of samples and the chromatogram displays a breakthrough 
curve. Although the frontal technique always lead to the attainment of adsorption 
equilibrium whereas the pulse technique requires the assumption of a fast adsorption 
equilibrium of the probe molecules, the pulse experiments are faster, easier to control and 
more accurate, especially if the interactions between the probes and solid are weak [99]. 
The pulse technique has been applied frequently in the characterisation of pharmaceutical 
powders due to their low surface energies. 
 
Carrier 
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controller
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Flow Switch
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packed with 
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(FID/TCD)
Control PC
Probe Oven Column Oven
 
Figure 3.4.3: Schematic of an automated IGC system. 
 
The use of IGC to study Lifshitz van der Waals and surface acid-base interactions 
of pharmaceutical powders are typically employed at the infinite dilution concentrations 
where only very small concentration of vapours are used. This means the adsorption of 
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vapours follows Henry’s Law and vapour-vapour interactions are negligible. In the IGC 
analysis, the time required for the probe vapour molecules to pass through the column, tR, 
is a measure of the magnitude of the interaction between the probe and the solid material. 
To normalise conditions such as flow rate, temperature and pressure drop across the 
column bed, tR is expressed as the net retention volume, VN, which is defined as the amount 
of carrier gas required to elute the injected volume of probe molecules from the column: 
  0ttFjV RcN   (3.52) 
where Fc is the carrier gas flow rate in the column, Rt  is the retention time for interacting 
probe, 0t  is the mobile phase hold-up time (dead time) and j is the James-Martin correction 
factor, which corrects the retention time for the pressure drop along the column bed.  
The net retention volume of each alkane injection is related to the standard Gibbs 
free energy change of adsorption, 0adG , and the work of adhesion by: 
 AmANad WaNconstVRTG  .ln
0  (3.53) 
where NA is the Avogadro’s number, am is the molecular cross sectional area of the 
adsorbed molecules and the constant, const., depends on the chosen reference state [100]. 
Recalling Fowkes’ principle for Lifshitz van der Waals interaction, Equation 3.53 becomes: 
 .2ln constaNVRT dLV
d
SVmAN    (3.54) 
Schultz et al. [100] identified that the dispersive surface energy of the solids can be 
obtained using a series of n-alkanes to yield a plot of RTln NV  versus 
d
LVmAaN  . 
d
SV  can 
be calculated from the slope of the linear regression of the alkane data points. 
In pharmaceuticals, IGC studies have included batch-to-batch variations, effects of 
milling, crystal habits, optical forms, production routes and effects of humidity on material 
properties [101]. The IGC technique provides a valuable alternative approach to measure 
surface energies for particulate organic solids, whilst conventional wettability techniques, 
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such as sessile drop, might present experimental difficulties and might not be valid for 
higher energy solids. This technique is described in detail in Chapter 8. 
 
3.4.5.2 Gravimetric Vapour Sorption 
 
The development of modern gravimetric vapour sorption equipment in the early 1990s has 
allowed faster, more sensitive and accurate measurements of vapour sorption isotherms. 
Modern equipment such as Dynamic Vapour Sorption (DVS) system (Figure 3.4.4) has 
replaced traditional desiccator methods which are both time and labour intensive. 
The work of adhesion at the solid-liquid interface is defined by Young-Dupré 
equation and can be related to Owens and Wendt surface energy component approach by: 
 pSV
p
LV
d
SV
d
LVeLVAW  22)cos1(   (3.55) 
The equilibrium spreading pressure is widely assumed to be negligible for partially 
wettable surface when the contact angle is larger than 10°. When the liquid wet the solid 
completely (θ = 0°), the spreading pressure can be calculated via:  
 
0
0
0 ln
P
SVSVe PdRT  (3.56) 
where Γ is the surface excess or amount of probe molecules adsorbed per unit surface area 
(Equation 3.11). The measurements of adsorption isotherms on the solid using two 
completely wetting vapours would enable the calculations of πe, therefore the estimation of 
WA and the surface energy components of the solid.  
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Figure 3.4.4: Schematic of a Dynamic Vapour Sorption equipment for gravimetric vapour 
sorption experiments. 
 
Nevertheless, this experimental methodology relies on the probe vapour to have a 
lower surface tension than the surface energy of the solid to ensure complete formation of 
a condensate film. The mechanism of vapour uptake also has to be based on a surface 
physisorption mechanism, and the surface must remain thermodynamically and kinetically 
stable during the sorption measurements [102]. 
 
3.4.6 Atomic Force Microscopy 
 
Invented in 1984—1985 by Physics Nobel laureate Binnig and his co-workers [103] as an 
imaging tool, atomic force microscopy (AFM) has since been developed and widely used 
in the characterisation of particulate interactions. Reviews of the wide ranging applications 
of AFM have been published by many researchers [104-109], and is outside the scope of 
this thesis to describe them in details. AFM has also been employed recently in the study 
of pharmaceutical solids.  
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The basic principle of operation of the AFM is to allow a small probe (a sharp tip 
or a spherical probe), situated at the apex of a flexible cantilever, to scan across a sample 
surface which is placed on a piezoelectric scanner, capable of moving in three dimensions 
relative to the probe. Surface features are measured by the deflection of the cantilever, 
which is detected by using laser reflecting off the surface of the cantilever onto a position 
sensitive photodiode detector. The AFM is capable of imaging features down to the 
molecular scale.  
The AFM can be used to study surface forces. At a particular location on the 
sample surface, the sample is moved towards the tip at constant velocity (Figure 3.4.5 a). 
As the attractive forces between the tip and the surface exceeds the stiffness of the 
cantilever, the tip jumps into contact with the surface (Figure 3.4.5 b). As the tip 
approaches the surface, the cantilever bends upwards due to repulsive forces (Figure 3.4.5 
c) until they eventually touch when the deflections are now dominated by short-ranged 
electron repulsions between molecular orbitals  (Figure 3.4.5 d). As the piezoelectric 
scanner is moved backwards from the tip, the forces between the tip and the surface are 
predominantly attractive (Figure 3.4.5 e). Eventually, the particle is detached from the 
surface with the force equals to the adhesion force, FA (Figure 3.4.5 f).  
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Figure 3.4.5: Schematic of adhesion force measurement with AFM. 
 
Particle-particle interactions are critical in the formulation of dry powder inhaler 
(DPI) [110]. The adhesion of a particle on a solid surface is commonly modelled using 
either the Johnson-Kendall-Roberts (JKR) [111] or the Derjaguin-Muller-Toporov (DMT) 
[112] approaches. The adhesion force, FA, as measured by the AFM has been utilised by 
several investigators to study surface energetics of pharmaceutical solids [69, 113-115]. 
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CHAPTER 4 QUANTIFICATION OF SURFACE CHEMISTRY BY  
X-RAY PHOTOELECTRON SPECTROSCOPY 
 
4.1 Introduction 
 
The chemistry of surfaces determines the nature of interactions with surrounding vapour, 
liquid or solid. Due to the relatively small proportion of atoms that are present on a surface, 
sensitivity and resolution are essential prerequisites for any successful technique for 
surface analysis. With the meticulous work of Swedish Nobel Laureate Kai Siegbahn and 
his co-workers in the 1950s, X-ray Photoelectron Spectroscopy (XPS) has been developed 
into a sophisticated surface analytical method capable of identifying the surface chemical 
state of a material. Today, XPS is widely applied in the fields of corrosion science, 
adhesion science, surface engineering, ceramics, metallurgy, polymer chemistry, catalysis 
and semiconductors, etc., but the use of XPS in the analysis of pharmaceutical solids is still 
extremely uncommon. 
 In this chapter, the basic principles of XPS, the structure of the XPS system and the 
use of XPS in the characterisation of organic surface including pharmaceutical solids will 
be discussed. 
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4.2 The Photoelectric Effect 
 
In 1887, German physicist Heinrich Rudolf Hertz noticed that electricity was generated 
between a spark gap transmitter upon detection of ultraviolet radiation [116]. This 
phenomenon, which is now well-known as the photoelectric effect, is caused by the 
emission or ejection of electrons from a surface when it is exposed to incident 
electromagnetic radiation.  
The experimental characteristics of the photoelectric effect, as depicted in Figure 
4.2.1, are that: 
1. No electrons are ejected, regardless of the intensity of the radiation, unless its 
frequency exceeds a threshold value characteristic of the material; 
2. The kinetic energy of the ejected electrons increases linearly with the frequency of 
the incident radiation but is independent of the intensity of the radiation; 
3. Electrons are ejected even at low radiation intensities immediately if the frequency is 
above the threshold. 
 
Frequency of incident radiation
 
 
Figure 4.2.1: Relationship between frequency of incident radiation and the kinetic energy 
of photoelectrons for representative Group I elements. 
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Classical wave theory of light was not able to explain the photoelectric effect, 
because an increased intensity of the incident light should increase the kinetic energy of the 
ejected electrons, contrary to experimental observation. It was not until 1905 when Albert 
Einstein’s mathematical description of how the photoelectric effect is caused by the 
absorption of quanta, or photons, of electromagnetic radiation that it became clear that 
electromagnetic radiation, which classical physics treats as wave-like, actually also 
exhibits the characteristics of particles – the wave-particle duality. 
 
hpv
EKE
Ф
EKE
 
Figure 4.2.2:  Relationship between incident photon energy and the electron binding 
energy, work function and kinetic energy of the emitted electrons. 
 
In quantum mechanics, electromagnetic radiation of frequency, v, possess energies 
only in discrete levels, and each ‘particle’ of electromagnetic radiation, called a photon, 
has an energy of hp v, where hp is the Planck’s constant (hp = 6.626 × 10-34 m2·kg/s). The 
absorption of an electromagnetic radiation, such as X-ray, in vacuum by a solid surface 
will result in the excitation and ejection of electrons from the material if the energy of the 
radiation, hv, is greater than the binding energy, EBE, of the electrons (Figure 4.2.2): 
 KEpBE EvhE      (4.1) 
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where EKE is the kinetic energy of the ejected electrons and Φ is the work function. It is the 
principle of the photoelectric effect which forms the basis of XPS, or otherwise known as 
Electron Spectroscopy for Chemical Analysis (ESCA). 
 
4.3 Principles of XPS 
 
XPS is a surface chemical analysis technique in which the surface of a solid sample is 
bombarded with high energy X-ray photons in ultra high vacuum, resulting in 
photoemission of core level electrons (Figure 4.3.1 a). The kinetic energy of the ejected 
electrons is analysed by an electron detector, and the binding energies can be calculated 
according to Equation 4.1. 
Data are presented as a graph of electron current (intensity) against electron binding 
energy, called the X-ray induced photoelectron spectrum. Those electrons which are 
ejected without energy loss contribute to the characteristic peaks in the spectrum, whereas 
those which suffer inelastic scattering and energy loss form the background of the 
spectrum. Since the binding energies of core level electrons are unique to the elements that 
are present, as well as their qualitative and quantitative information of their chemical states, 
XPS has the ability to detect chemical functionalities with extreme sensitivity. Although 
X-rays may penetrate into the bulk sample, the ejected electrons cannot escape except from 
within a few nanometers of the surface, and because of this limitation, XPS is very useful 
for surface chemical characterisation. 
 
 
 
 
  90 
 
 
 
Figure 4.3.1:  Schematic diagram of the photoemission of core level and Auger electrons 
by high energy X-ray photon: a) photoionisation of an atom by the ejection of a 1s electron, 
b) compensation of the core hole by a 2p electron and c) ejection of an Auger electron. 
 
  Once a photoelectron is emitted from the core shell, the ionised atom must relax 
by either the emission of an X-ray photon, known as X-ray fluorescence, or the ejection of 
an Auger electron. The ejection of an Auger electron is due to the balance of energy 
resulting from an internal transition of a higher level electron to the core level hole (Figure 
4.3.1 b and c), and this process forms the basis of Auger Electron Spectroscopy (AES).  
 
  91 
 
 
4.4 The XPS System 
 
Commercial X-ray photoelectron (XP) spectrometers consist of a moderate vacuum sample 
introduction chamber, an ultra-high vacuum (UHV) measurement chamber, the specimen 
holder, specimen manipulators, a source of X-rays or electron beam, as well as an electron 
analyser and detection system (Figure 4.4.1). 
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Figure 4.4.1: Schematic diagram of the major components of an XP spectrometer. 
 
 The sample of interest is first introduced into the moderate vacuum chamber (10-5 
to 10-7 mbar) before being transferred via the manipulator to the UHV chamber in order to 
minimise contamination of the UHV chamber by influx of gas molecules and to reduce the 
pump down time. For measuring the XP spectrum of the sample, the ultra-high range of 
vacuum, in the region of 10-8 to 10-10 mbar, is necessary to avoid scattering of low-energy 
electrons by residual gas molecules, to increase spectral intensity, to minimise noise within 
the spectrum, and to minimise the adsorption of gas molecules onto the solid surface. UHV 
conditions can be achieved by ion pumps, turbomolecular pumps or diffusion pumps. The 
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magnetic field of the Earth can influence trajectory of the electrons and consequently, the 
sample chamber is sometimes made from shielding panels. 
 The sample is mounted onto the specimen stage/sample holder with clips or double-
sided adhesive tape, and is held in a high-resolution stage with x, y and z translations with 
tilt and rotation capability about the z-axis. Depending on the instrument design, heating 
and cooling of the specimen can be achieved in vacuo by liquid nitrogen using a cryogenic 
specimen stage and conductive heating using a resistance heater or by electron 
bombardment respectively. 
 X-rays in XPS analysis are generated by bombarding an anode material with high 
energy electrons which are emitted from an electrically heated tungsten filament or in 
some cases, from a lanthanum hexaboride (LaB6) emitter if higher current density is 
necessary. The choice of anode material depends on the required photon energy which 
must be greater than the binding energy of the electrons to be ejected. Typically, 
aluminium and magnesium are used as anode materials which are supplied in a single X-
ray gun with a twin anode configuration providing AlKα and MgKα photons of energy 
1486.6 eV and 1253.6 eV respectively. Since the photon flux from the anode is 
proportional to the electron current striking the anode and the efficiency of the anode is 
dependent on the dissipation of heat, X-ray anodes are usually water-cooled. 
 Sensitivity of XPS analysis can be improved by the use of X-ray monochromator to 
produce a narrower X-ray line. This monochromation is normally achieved by using the 
( 0110 ) crystal face of a quartz crystal as a diffraction lattice for the incident X-rays from 
the anode. The use of monochromated X-rays can result in narrower XPS peaks (thus 
better chemical state information), the removal of undesired characteristics of the XP 
spectrum (such as satellite peaks) as well as the reduction in thermal-induced damage on 
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the sample surface by removing the need to position the X-ray source close to the sample 
for optimised sensitivity. 
 Photoemission from an insulator causes electrostatic charging to occur, resulting in 
a shift of the peak position in the direction of higher binding energy. This problem can be 
easily rectified by shifting the peaks to their correct positions during data manipulation in a 
process called charge shifting, with respect to the main carbon peak (at 285.0 eV) for 
organic materials. 
  The most common electron energy analyser for use in the XPS is the hemispherical 
sector analyser (HSA) which consists of a pair of concentric hemispherical electrodes 
between which there is a gap for electrons to pass. A series of electron collection lenses are 
located between the sample and energy analyser, and their main purpose is to retard the 
kinetic energy of the photoemitted electrons which are, otherwise, too great for high 
resolution analysis. As a potential difference is applied across the two hemispheres of the 
analyser, the electrons that are injected into the gap between the electrodes will follow 
different paths towards the output plane of the hemisphere depending on their kinetic 
energy at the inlet of the analyser. It is, therefore, possible to detect electrons of different 
energies by incorporating a number of electron detectors at the output plane. Since each 
electron detector collects electrons of a different energy, the use of multichannel electron 
detector can greatly improve the quality of spectra recorded. It is also a normal practice 
that the HSA is operated in the constant analyser energy (CAE) mode. In the CAE mode, 
the energy of electrons is either accelerated or retarded to a specific user-defined level (the 
pass energy) as the electrons pass through the analyser. The pass energy affects both the 
transmission of the analyser as well as the resolution of the spectrum: a small pass energy 
will increase the resolution, whereas a high pass energy will result in lower resolution but 
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higher transmission. A comprehensive review of surface analysis by XPS is described by 
Watts and Wolstenholme [117, 118]. 
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4.5 Application of XPS for Organic Compounds 
 
Binding energies of core level electrons for organic compounds are typically between 
200—700 eV. These core level electrons have specific binding energies depending on their 
chemical states, and for instance, the C 1s binding energy for unfunctionalised carbon or 
methylene group is 285.00 eV. The presence of adjoining functionalities to the main 
carbon atom causes a slight variation in their binding energies, called a chemical shift. 
Examples of C 1s and O 1s binding energies and its functionalised derivatives commonly 
found in organic molecules are shown in Table 4.1 and Table 4.2 respectively. 
 
Table 4.1: C 1s Binding Energies for Carbon-based Functionalised Derivatives [119] 
Functionality Chemical Shift Relative to 
Saturated Hydrocarbon (eV) 
Binding Energy (eV) 
Hydrocarbon C-H 
C-C 
+ 0.00 285.00 
Amine C-N + 0.94 285.94 
Alcohol C-OH + 1.55 286.55 
Carbonyl C=O + 2.90 287.90 
Acid/Ester C-O-C=O + 3.99 288.99 
 
Table 4.2: O 1s Binding Energies for Oxygen-based Functionalised Derivatives [119] 
Functionality Chemical Shift Relative to 
Saturated Hydrocarbon (eV) 
Binding Energy (eV) 
Alcohol -OH + 247.89 532.89 
Carbonyl C=O + 247.33 532.33 
Ether C-O-C + 247.64 532.64 
Phenol 
 
+ 248.64 533.64 
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XPS has been widely used to study metals or semiconductors, but sample 
degradation, non-conduction and surface contamination may cause potential problems in 
the quantitative XPS analysis of organic surfaces. It is, thus, not surprising that there are 
limited publications in its use for volatile organic materials, and a majority of which has 
been focused on organic polymers or biopolymers, for instance cellulose fibres, for 
industrial applications in papers, textiles, plastics and composite structures [120]. 
In the last few years, XPS has been applied to investigate the surface composition 
of dairy powders [121, 122], food products [123] as well as pharmaceutical crystal surfaces 
[15, 124]. Gaiani et al. investigated the surface content in protein, lactose, fat of different 
dairy powders via XPS analysis in order to understand the effects of these components on 
the rehydration properties [121]. The surface composition in protein, lactose and fat of a 
dairy powder sample was quantified by relating the surface atomic concentration of carbon, 
nitrogen and oxygen to the relative quantities of these elements in protein, lactose and fat 
which make up the sample. The difference in composition of protein, lactose and fat at the 
surface and the bulk was found to influence powder wetting time and rehydration time 
respectively. Similarly, by measuring the surface composition via XPS, Kim et al. 
observed that the flowability of dairy powders decreased as the surface fat content 
increased [122]. Heng et al. estimated the surface polarity of individual facet of crystalline 
pharmaceutical active compounds by analysing the relative surface composition of polar to 
non-polar surface functional groups [15, 124], in which an excellent correlation was 
observed between localised surface chemistry and wettability.  
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CHAPTER 5 GRANULATION THEORIES 
 
5.1 Introduction 
 
For many years in the early 20th century, the lack of basic research in the field of 
agglomeration technology has hampered its development. The first contribution to the 
theory of granulation was provided by Newitt and Conway-Jones [125] from the 
Department of Chemical Engineering at Imperial College, London in 1958. In the decade 
since then, the work of Rumpf [126], Linkson [127], Danckwerts [128] and their co-
workers has shed some light in this subject.  
In the classic paper of Newitt and Conway-Jones [125], the mechanism by which 
spherical granules were formed from pre-moisturised sand and silt powders in a rotating 
drum was examined. The authors were the first to describe the degree of liquid saturation 
in granules, which they catogorised as the pendular state, funicular state and capillary state, 
and the effects of interparticle water content on granule attributes. The strength of a liquid-
bound granule is dominated by the strength of liquid bridges between its individual 
component particles which are, in turn, dependent on the surface tension of the liquid and 
the wetting characteristics (contact angle) of the particles, as commented by Laplace in the 
well-known Laplace-Young equation. Today, it is widely accepted that liquid saturation 
also exists in the droplet state and pseudo-droplet state which are both related to the 
wettability of the systems [129]. 
The development of ‘granulation’ theory has taken major steps forward since Newitt 
and Conway-Jones. Different industry-specific terminologies, including agglomeration, 
granulation, pelletisation and balling, have been used to describe particle size enlargement. 
In the present study, the size enlargement processes typically used in the pharmaceutical 
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industry are classified into three general categories as summarised in Figure 5.1.1. 
Processes where a liquid binder is used to form interparticle bonds and agitation is used to 
promote liquid dispersion and granule growth are termed granulation, and the 
agglomerated product arising from these processes are termed granules. 
 
Generally in the presence of the 
required proportion of a liquid 
phase and other binding agents
Materials pressed into a mould to 
give final shape, into a sheet, or 
through fixed diameter orifices 
and then broken down into 
smaller fragments
Solidification of droplets of 
solutions, slurries or melts
 
Figure 5.1.1: Size enlargement methods in the pharmaceutical industry. 
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5.2 Wet Granulation Methods 
 
Since the early work by Newitt and Conway-Jones [125], Rumpf [126], Linkson [127] and 
Danckwerts [128] on drum granulation, various wet granulation methods have been used 
and developed. In the traditional tumbling granulators (Figure 5.2.1 a and b), particles are 
set in motion by the tumbling action caused by the balance between gravity and centrifugal 
forces. This category of granulators can generally be operated continuously and are, 
therefore, extensively used in mineral and fertiliser processing.  
The wet granulation of solid-state pharmaceuticals, on the other hand, is widely 
operated in mixer granulators (Figure 5.2.1 c), where a mechanical impellor is used to 
promote powder movement, or in fluidised bed granulators (Figure 5.2.1 d), where the 
particles are set in motion by air rather than mechanical agitation. The main advantages of 
mixer granulators over fluidised bed are their abilities to process cohesive powders and 
viscous binders, and to generate small (<1 mm) and dense granules [130]. They are also 
used extensively because of their robustness and ease of enclosure [131]. Batch mixer 
granulator which is the subject of the current investigation can be divided into either 
horizontal or vertical shaft arrangement, and a chopper which normally operates at a higher 
tip speed than the impellor is present to promote granule breakage. Drying of the wet 
granules can be operated in the same granulator in a single pot process by heat transfer 
from a heating medium inside an external jacket, using vacuum or a gas stripping system, 
or it can be achieved in a multiphase process whereby a fluidised bed dryer is used to 
promote evaporation after a wet milling step [132]. Fluidised bed granulators (Figure 5.2.1 
e) equipped with an agitator and an infrared moisture self control system have been used to 
combine both granulation and drying into one single process, allowing greater factory 
automation [133]. 
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a) Inclined Disc Granulator b) Drum Granulator 
 
 
c) High Shear Mixer  d) Fluidised Bed Granulator 
 
 
e) Agitated Fluidised Bed Granulator g) Axial Screw Extruder 
 
 
f) Roller Press (Briquetting) h) Fluidised Spray Dryer 
 
 
Figure 5.2.1: Schematic representation of selected wet agglomeration equipment. 
 
  101 
 
 
Relatively uniformly shaped and sized agglomerates can be obtained from extrusion 
processes (Figure 5.2.1 f) [1]. A plastic, wet mixture of particulate solids and liquid binder 
is extruded through a die, screen or perforated dies by the action of a rotating screw (single 
screw) or screws (twin screw). Cylindrical extrudates are often spheronised, i.e. rolled into 
small spherical particles while they are still plastic, and dried to obtain uniform, spherical 
and strong granules. High density agglomerates can be created by high pressure 
agglomeration in a roller press (Figure 5.2.1 g), which features two rollers of identical size 
rotating countercurrently and compressing the dry feed in the nip area. Pockets or 
indentations are sometimes machined into the working surfaces of the rolls to form 
briquettes or dense sheets, which are normally crushed and screened to yield the required 
agglomerate size [1].  
In addition to pressure or agitated processes, agglomerates can be formed directly 
from the melt, solution or slurry of the particle and binder mixture by evaporation of the 
solvent in what are termed globulation processes [134]. An example is the fluidised spray 
dryer (Figure 5.2.1 h) where drying air enters cocurrently with the sprayed feed liquor at 
the top of drying chamber. Vigorous fluidisation of the stationary fluid bed at the bottom of 
the chamber results in the formation of particle agglomerates as fines, recycled from the 
powder collector, are contacted with the atomised cloud of newly forming particles. 
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5.3 The Granulation Process 
 
Wet granulation is a combination of three sets of rate and thermodynamic controlled 
processes [2] (Figure 5.3.1): 
1. Wetting and nucleation, where the liquid binder is brought into contact with the dry 
powder bed, and is distributed through the bed to give a distribution of the nuclei 
granules, i.e. the formation of initial agglomerates; 
2. Consolidation and growth, where collisions between two granules, granules and feed 
powder, or a granule and the equipment lead to granule compaction and growth; and 
3. Attrition and breaking, where wet or dried granules break due to impact, wear or 
compaction in the granulator or during subsequent product handling.  
 
 
 
Figure 5.3.1: Schematic of the granulation processes. 
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5.3.1 Wetting and Nucleation 
 
Wetting of the particles and nucleation of initial agglomerates occur in the nucleation zone, 
also called the wetting zone, which is the area where the liquid binder and powder surface 
first come into contact. The final size distribution and granule characteristics depend 
critically on the processes occurring in this area. The nucleation rate is governed by two 
important processes in the nucleation zone:  
1. nuclei formation, which is a function of the wetting thermodynamics and kinetics; and 
2. binder dispersion, which is a function of process variables. 
 
5.3.1.1 Nucleation Thermodynamics 
 
Successful nucleation in the granulator is achieved by energetically favourable wetting of 
the solid particles by the binder, which is governed by the interfacial thermodynamics. 
Previous studies of the wetting thermodynamics have focused on two aspects: the 
spreading coefficients of the binder over the solid particle and vice versa, and the contact 
angle between the solid and the binder, which are both functions of surface free energies of 
the component phases. Surface free energy data are, therefore, important parameters in the 
studies of wetting thermodynamics. 
The effect of contact angle of the feed materials on mean granule size was studied 
by Aulton and Banks [3] in a fluidised bed granulator. Different ratios of lactose (with 
contact angle, θ = 30° of water) and salicylic acid (θ = 103°) were granulated with 
aqueous polyvinylpyrrolidone (PVP) solution, and the resultant mean granule size was 
measured. As the hydrophobicity of the powder mix increased, granule growth decreased 
resulting in a smaller mean granule size. Aulton and co-workers [135] also demonstrated 
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that the addition of surfactant, sodium lauryl sulphate (SLS), to a PVP aqueous binder 
solution improved substrate wetting by the binder during fluidised bed granulation, 
resulting in larger granules with a superior flow property. Jaiyeoba and Spring [136] used 
ternary mixtures of hydrophilic and hydrophobic powders, and observed that hydrophilic 
particles resulted in stronger and larger granules whilst hydrophobic particles resulted in 
weaker and coarser granules although the measured differences may be partly due to the 
inconsistency in the primary particle mean size used. Gluba et al. [137] investigated the 
dependence of wettability of a range of powders on the size of the granules obtained in 
drum granulation. The ‘sucking ability’ of a powder sample, which is defined as the 
volume of water taken up by a powder sample of given size, is used to compare the 
wettability between different samples. Mean granule size and uniformity of the granule 
size distributions increased as the ‘sucking ability’ of the powder increased. 
Nucleation thermodynamics can also be described by the spreading coefficient, λ. 
The spreading of phase i over phase j, λij, can be related to the work of cohesion, WC, and 
work of adhesion, WA, as shown in Equation 3.24 and 3.25. Rowe and co-workers [5-12] 
showed that it is possible to predict, using first order theoretical approaches, the properties 
of granules from the surface free energies and polarities of the component pharmaceutical 
solids and polymeric binders. Their approach was based on using the work of cohesion 
(between binder and binder), the work of adhesion (between binder and substrate) and 
spreading coefficients (determined from the surface free energy and fractional polarity of 
each of the constituents in the two-phase system) to guide binder selection. It was observed 
that efficient spreading and subsequent binding can be achieved by strong adhesion of the 
binder to the drug (a high WA) and a weak cohesion between the binder droplets (a low WC). 
The group investigated various polymeric binders and substrate compounds, and it was 
able to rank the performance of the binders by the values of their spreading coefficients: 
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λLS, spreading coefficient of the liquid binder over the solid substrate and λSL, spreading 
coefficient of the substrate over the binder. It was hypothesised that two modes of nuclei 
formation exist depending on the value of λLS and λSL. A strong dense granule would be 
obtained for positive λLS because the binder would spread to form a film over the powder 
surface and liquid bridges would form between most contacting particles, thus the strength 
of granules would be primarily determined by binder cohesion, whereas porous open 
granule of lower strength would be resulted for positive λSL because binder bridging would 
be much less and the strength of granules would be more dependent upon binder-substrate 
adhesion. These studies, however, were based on theoretical prediction using surface free 
energies rather than explicitly measuring the binder spreading phenomena experimentally. 
Zajic and Buckton [13] measured the surface free energies of microcrystalline 
cellulose (MCC) via Wilhelmy plate technique using compressed MCC plates and 
predicted the performance of PVP and hydroxypropylmethylcellulose (HPMC) binder in 
the wet granulation of MCC based on spreading coefficients similar to those used by Rowe. 
A good agreement was found between theoretical prediction and physical properties of the 
granules. A study by Kryer and Pope [4] also confirmed that granule properties can be 
correlated to the spreading coefficient, but did not calculate λ directly from measurements 
of fractional polarity. The authors defined the work of spreading, WS, by combining 
equation 3.23 and 3.25: 
 )1(cos*   LVLSSW  (5.1) 
The work of spreading is equivalent to λLS for θ greater than 0°, but cannot predict 
positive λ which occur when θ = 0°. It was shown that WS is related to the granule friability, 
and that binder film formation on the particle surfaces and liquid bridges at the particle 
contacts due to better wetting enhanced granule strength. 
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Tüske et al. [138] investigated the formation of granules from one- and two- 
component powder systems by applying the cohesion work, adhesion work and spreading 
coefficients. Metronidazole was selected as the model drug, 10% hydroxypropylcellulose 
(HPC) as the binder, and corn starch, MCC or lactose as the excipient. Good agreement 
was also found between predicted particles interactions and the measured granule friability. 
Due to the varying particle sizes of the powders, the proportions of the components and the 
amount of binders were also found to have significant influence on granule morphologies. 
Zhang et al. [72] investigated the applicability of spreading coefficients in the wet 
granulation of MCC, α-lactose and sucrose with solvents containing no polymeric binder. 
Surface energies measured via sessile drop method on powder compacts and inverse gas 
chromatography (IGC) were compared, and it was found that the dispersive surface 
energies were in good agreement. However, the contact angle approach was found to 
present difficulties for hydrophilic powders due to drop penetration into the powder 
compact. The prediction of granulating solvent performance based on solvent-drug 
spreading coefficients measured by the contact angle method was in good agreement with 
the physical characteristics of the resulting granules, in terms of density, porosity and 
friability. 
The effect of primary particle surface energy in the fluidised bed wet granulation of 
hydrophobic and hydrophilic glass beads with aqueous HPC was studied by Thielmann et 
al. [71]. Dispersive and non-dispersive surface energies of the particles were measured by 
IGC pre- and post- granulation, and it was found that hydrophilic particles (with higher 
surface energies) resulted in narrower granule size distribution whereas the hydrophobic 
particles were able to grow to larger sizes, contrary to theoretical predictions. It was 
hypothesised that the thin binder coating layer present on the hydrophilic particle surface 
was not able to dissipate the kinetic energy of granules during impact, thus resulting in a 
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certain critical granule size, whilst the thicker and more localised binder droplets on the 
hydrophobic particles were able to allow further particle size enlargement. It was also 
observed that a larger fraction of hydrophobic fines remained un-granulated due to the 
lower surface coverage of the primary particles by the aqueous binder. 
Simons and co-workers measured the interaction forces between the binder solution 
and the drug particles to detect differences in wetting behaviour between different binder 
systems [14, 139]. Their approach was based on measuring the forces experienced between 
a drug particle and a micropipette separated by a liquid bridge using a micro-manipulator 
called the micro-force balance. HPMC was found to produce a greater liquid bridge 
adhesion force to paracetamol than PVP, and that the adhesion force increases with 
increasing bridge volume. The result suggested that the effective distribution of HPMC on 
paracetamol allowed greater chance for liquid bridge to form, before it dried to the solid 
phase. Upon addition of wetting agent, either sodium lauryl sulphate (SLS) or sodium 
docusate (SD), into HMPC and PVP solution, the adhesion forces decreased with 
decreasing surface tension of the binder. The authors hypothesised that the amount of 
liquid binder captured by the paracetamol crystals is more important in relation to particle 
agglomeration than the adhesive strength of single liquid bridges, and either HPMC or 
PVP with SD were identified as the optimum binder for paracetamol granulation. However, 
their results present a number of uncertainties: the very small volume of binder used led to 
a very fast drying rate; the occurrence of the dewetting of PVP undermined the limited 
accuracy of the data; and the effect of viscosity differences between the binders; and 
crystal geometry were unknown.  
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5.3.1.2 Nuclei Formation Kinetics 
 
Despite the importance of wetting thermodynamics in the nucleation zone, the binder 
liquid may not, in practice, have enough time to attain thermodynamic equilibrium due to 
interference from the mixing process occurring simultaneously in the granulator [2]. The 
formation of nuclei is also kinetically affected by 1) the binder drop and particle size ratio; 
2) binder delivery method; 3) binder distribution rate; 4) powder flux in the binder 
spraying zone; and 5) the agitation intensity in the granulator. 
 
1) Binder Droplet to Particle Size Ratio 
 
Various nucleation mechanisms have been proposed according to the relative sizes of the 
binder droplet to primary particles. Schæfer and Mathiesen [140] proposed that the 
mechanisms of agglomerate formation are dependent on the binder particle size and the 
viscosity of the binder in melt granulation of polyethylene glycol (PEG) in α-lactose. At 
low binder viscosities, the formation of nuclei was only slightly dependent in the binder 
droplet size, and the nucleation would be dominated by the distribution of drops on surface 
of the particles, which would then start to coalescence (Figure 5.3.2). At high binder 
viscosities and with large binder drop size, nucleation would occur by immersion of the 
smaller particles into the larger binder drop.  
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Figure 5.3.2: Nucleation formation mechanisms 1) binder drop size is small compared to 
particle size and 2) binder drop size is large compared to particle size. 
 
These mechanisms have also been validated by Scott et al. [141] for wet 
granulation. Hapgood and co-workers have recently observed that the granulation of fine 
hydrophobic powder with larger binder droplets resulted in granules which comprised of a 
consolidated powder shell and an empty core [142]. The authors proposed this nucleation 
mechanism as solid spreading, in which nuclei granules were formed from a shell of fine 
powder surrounding individual binder droplets. Preliminary studies by Hapgood and 
Khanmohammadi [143] found that the formation of ‘liquid marbles’, which are essentially 
liquid droplets covered with hydrophobic particles, depends not only on the value of λSL, 
but also requires bulk fluid motion within the drop that creates surface flow to entrain 
particles. 
The mechanism of liquid wetting on the powder surface is also dependent on the 
relative size of the binder droplet to the particle. When the drop size is large compared to 
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the particle, the imbibition of the drop into a fine powder bed surface will depend on size 
of the pores, orientation of the pores, porosity of the bed, surface chemistry within the bed, 
viscosity and surface of the drop [144]. When the drop size is small compared to the unit 
particle size, the drop will coat the surface and may be absorbed into surface pores of the 
particle by capillary action [130]. 
 
 
Figure 5.3.3: Limiting cases of drop penetration on a porous surface a) constant drawing 
case and b) decreasing drawing case. 
 
Marmur [145] defines two limited cases for the drop penetration behaviour 
according to the contact angle hysteresis: constant drawing area (CDA) and decreasing 
drawing area (DDA) (Figure 5.3.3). In the CDA case, the drop radius remains stationary 
while the apparent contact angle slowly decreases due to drainage of liquid from the drop 
into the pores. In the DDA case, the apparent contact angle remains constant and the three-
phase contact line retracts towards the centre of the drop. 
Denesuk et al. [146] proposed an equation for the theoretical drop penetration time 
for the constant drawing case, CDA , which models the penetration rate of single drop into a 
powder bed, which is assumed to be present as a solid with an array of parallel cylindrical 
pores, by applying the Washburn equation where liquid flow is driven by capillary pressure 
and resisted by viscous dissipation. It was further developed by Hapgood et al. [144] for a 
loosely packed powder bed with a heterogeneous voidage distribution.  
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where V0 is the total drop volume, LV is the liquid-vapour surface tension, µL is the liquid 
viscosity, θ is the solid-liquid contact angle, eff  is the effective bed voidage and reff is the 
effective pore radius based on a bed which is assumed to consist a mixture of micropores 
and macrovoids. Liquid will flow through the micropores, but the absence of capillary 
driving force means that the liquid will not fill the macrovoids. The effective porosity of 
the bed is defined as the fraction of the effective porosity of the bed (taken as tap ) which 
does not participate in drainage: 
 ))(1()1( taptapmacrovoidstapeff    (5.3) 
where tap  is the voidage of the bed at its tap density, macrovoids  is voidage occupied by the 
macrovoids and   is the apparent bed voidage. reff  is therefore related to eff  as: 
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32  (5.4) 
where d32  is the surface mean particle diameter and   is the shape factor of the particles. 
The theoretical drop penetration time for the DDA case, DDA , was found to be nine times 
that for the CDA case [146]: 
 CDADDA  9  (5.5) 
The drop penetration time can either be measured experimentally or estimated from 
the feed properties using equation 5.2. The drop penetration time links together both the 
wetting thermodynamics (the adhesion tension,  cosLV ) and the wetting kinetics (µL and 
reff ), and was found to be proportional to µL and inversely proportional to  cosLV  as 
predicted by Equation 5.2 on single component powder bed with both polymeric and non-
polymeric based binder system in the CDA case [144]. However, to ensure penetration, 
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experiments require powder systems with contact angle <90°, and the equation has not 
been validated for complex heterogeneous multicomponent powder bed systems. 
The distribution of binder droplet size determines the nuclei size distribution which, 
in turn, influences the granule size distribution [147]. Separate work by Waldie [148] and 
Schaafsma et al. [149] found that each binder droplet with diameter, dd, will form a granule 
with diameter, dg , according to the relation 5.6 where n is the correlation coefficient: 
 ndg dd ~  (5.6) 
Size of the resulting granules was measured by placing single droplets of 5% v/v aqueous 
PVP binder of various diameters on lactose and glass ballotini powder beds, and it was 
found that n varied between 0.80 and 0.89. However, the relative influence of the binder 
droplet size on nuclei size was found to be correlated to the agitation intensity in the 
granulator. Under an intensive shear force or very low agitation intensity, the final granule 
size appeared less dependent of the atomised binder droplet size, suggesting that more than 
one liquid distribution mechanism exists; liquid may be penetrating through the powder by 
capillary action, or it may form wet patches which are mechanically dispersed by the 
agitator.  
 
2) Binder Delivery Method 
 
The binder delivery method was found to critically alter the granule growth kinetics as well 
as granule size distributions. The three main binder delivery methods in wet granulation 
are via pouring, spraying and melting, although aqueous binder foam has been used 
recently in high shear process [150]. Knight and co-workers [151] investigated effects of 
different binder addition methods on the growth behaviour of calcium carbonate using low 
viscosity polyethylene glycol (PEG) as binder in high shear wet granulation under similar 
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granulation conditions. The pour-on method resulted in higher coarse granule content than 
the spray-on and melt-in methods. The pour-on method created local patches of high 
moisture content, and caused higher liquid saturation in larger granules. The melt-in 
method was also found to give significantly slower granule growth rate than the other two 
methods. Scott et al. [141] conducted similar experiments with the same materials and 
granulator. Both the pour-on experiments and melt-in experiments began with bimodal size 
distributions, and only after considerable granulation time the size distribution became 
unimodal for the pour-on experiments. Granules were relatively larger and more porous for 
the pour-in experiments. The authors speculated that the nucleation in the pour-on 
experiments was via the immersion mechanism as proposed by Schæfer and Mathiesen 
[140], in which the local patches of moisture content created preferential growth of the fine 
primary particle fraction. In the melt-in experiments where the nucleation proceeded via 
the distribution mechanism, granule surface was much drier and the fines were not able to 
be fully incorporated into granules resulting in the bimodal distribution even after 
prolonged wet massing time.  
 
3) Binder Distribution Rate 
 
By introducing various rates of the same quantity of gelatine solution to the fluidised 
batches of standard lactose formulation, Davis and Gloor [152] observed an enlargement in 
the average granule size with each increase in the binder addition rate. The authors 
attributed this growth in granule size to the increase in penetration and wetting capabilities 
by the binder, due to an increased liquid flow through the atomisation nozzle. Larger spray 
droplets per unit time resulted in a slower rate of evaporation of the solvent. Granule 
friability, density and porosity also decreased with higher binder distribution rate. In a 
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similar study on fluidised bed granulation, Mehta and co-workers found that the mean 
particle diameter was approximately proportional to the square of the spray rate, but was 
independent of the fluidisation air rate [153]. 
 
4) Powder Flux in Binder Spraying Zone 
 
Due to the different scale and equipment used by various researchers, it has been extremely 
difficult to quantify the nucleation zone conditions to allow satisfactory experimental 
replication and data comparisons. An earlier attempt to describe the spray zone conditions 
was described by Watano and co-workers [154-158] in the agitated fluidised bed 
granulation of cornstarch and lactose mixtures. Granulations were conducted at three scales 
of equipment with constant batch size to mixer volume ratio, powder height to vessel 
diameter ratio and binder spray area to vessel cross-sectional area ratio. Consequently, as 
the scale of equipment increased, the spray area to product bulk volume decreased. 
Narrower granule size distributions were observed at lower scale equipment and at higher 
fluidised air velocity due to better dispersion of the binder, turnover of the powder and flux 
through the spray zone (Figure 5.3.4).  
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Figure 5.3.4: Geometric standard deviation of granule size in an agitated fluidised bed 
granulator as a function gas fluidisation velocity and binder dispersion (which depends on 
spray surface area to mass in mixer). (Adapted from [159])  
 
More significantly, the spray conditions was successfully standardised by Litster 
and co-workers [160] as a function of major operating variables. From first principle the 
dimensionless spray flux, ψa, was derived which can be used as an equipment independent 
parameter to measure binder density on powder surface. ψa is defined as the ratio of the 
rate at which wetted area is covered by the droplets to the area flux of powder through the 
spray zone (Figure 5.3.5): 
 
d
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  (5.7) 
where a is the area flux of drops hitting the powder surface, V is the volumetric flow rate 
of the binder, A is the flux of powder surface traversing the spray zone and dd is the 
average binder drop diameter from the spray. 
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Figure 5.3.5: Idealised spray zone in a granulator with a flat spray. 
 
By performing nucleation studies with water and HPC binder solutions on lactose 
particles using a spinning riffler, the authors were able to validate that at high spray flux 
value (ψa ≈ 1), significant overlap of the binder drops, due to the large delivery rate of 
binder solution compared to the powder flux rate, resulted in poorer binder dispersion and 
a wide nuclei size distribution. At low spray flux value (ψa << 1), the ratio of powder flux 
to solution flow rate was sufficiently high that each drop landed separately, resulting in a 
much narrower nuclei size distribution. 
 
5) Agitation Intensity 
 
Improved binder dispersion can be achieved by increasing the agitation intensity, for 
instance in the mixer impellor or chopper speed, drum and disc rotation rate or fluidisation 
gas velocity [161, 162]. Experiments by Watano et al. (Figure 5.3.4) have shown that 
binder dispersion could be improved by increasing powder flux in the nucleation zone or 
agitation of the powder. Schæfer [163] reported that increasing the impellor speed in a high 
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shear mixer would increase granule growth rate by increasing densification of the granules 
and consequently, granule saturation and coalescence rate. However, for systems with a 
low binder viscosity, the granule strength may be insufficient to resist the shearing forces 
of the impellor and simultaneous granule breakage and coalescence would occur. Oulahna 
and co-workers [164, 165] conducted separate granulation studies on the effects of shear 
on granule attributes of sericite powder using a pan granulation (low shear) and a high 
shear mixer. At low agitation intensity, the granule size distribution was broad and 
significant amount of fines remained ungranulated. Increasing the agitation intensity 
resulted in narrower size distribution, improved powder densification and granule strength. 
It was also found that the liquid content required for high shear granulation is lower than 
that in the low shear case. Similar conclusions were made by Benali et al. [166] in the high 
shear granulation of MCC. The authors also found that in systems where static liquid 
bridge forces dominate over viscous forces, an increase in the work of adhesion between 
the binder liquid and solid particles resulted in faster growth kinetics and a reduction of 
binder requirement to enhance growth. 
 
5.3.1.3 Nucleation Regime Map 
 
Nucleation is controlled by the drop behaviour on the particles and how well the binder is 
dispersed within the powder batch. Depending on the particular formulation properties and 
operating variables, different mechanisms may dominate. Litster et al. [160] postulated that 
the formation of nuclei in the nucleation zone can be achieved via three different control 
regimes: 
 Drop controlled: In this regime, one binder droplet tends to form one granule. The 
nuclei size distribution, which ultimately determines the particle size distribution of 
the product granules, is essentially controlled by the drop size distribution of the 
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binder, providing that the powder flux through the spray zone is fast such that drops 
which hit the powder surface do not overlap, i.e. low ψa; and that the binder drop wet 
into the bed completely before bed mixing brings it into contact with another partially 
absorbed drop on the bed surface, i.e. low τ.  
 Shear controlled: In this regime, powder mixing is the controlling factor in 
nucleation as viscous or poorly wetting binders are slow to flow through the powder 
pores and form nuclei. Pooling of binder droplets on the powder bed surface may 
occur, and binder distribution occurs only by the breakage of lumps or granules due 
to shear forces within the powder bed. The solution delivery method, such as binder 
drop size and nozzle height, has a negligible effect on the nuclei properties. 
 Intermediate: Both drop penetration dynamics and shear force dispersion are 
significant. The nuclei size distribution is sensitive to both formulation properties and 
operating parameters. 
 
No change in distribution
Narrower nuclei size 
distribution
a  
Figure 5.3.6: Theoretical nucleation regime map as proposed by Hapgood et al. [167] 
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Based on this idea, Hapgood and co-workers [167] proposed a theoretical 
nucleation regime map which is a function of the binder drop penetration time and the 
dimensionless spray flux (Figure 5.3.6). Although the exact location of the boundaries 
between different regimes are unclear, the map provides a first order tool to predict 
possible effects resulting from any changes in the formulation properties or operating 
conditions. By measuring the drop penetration time and controlling the dimensionless 
spray flux, it was postulated that it is possible to move from one nucleation regime to 
another. 
 
5.3.2 Consolidation and Growth 
 
Granule growth occurs when material in the granulator collides and particles coalescence. 
The process is dependent on a wide range of factors including the mechanical properties 
(strength and deformability) of the granules and the availability of liquid binder in the 
proximity of the granule surfaces. Much research on granule growth and consolidation has 
been focused on granule mechanics and behaviour of the granule on impact, particularly 
the yield strength of the granule and its resistance to deformation. The granule strength, 
which also depends on the extent of consolidation, is controlled by three factors: capillary, 
viscous and frictional forces, which are inter-related in a complex way. The relative 
importance of these forces varies according to the strain rate and formulation properties of 
the materials. The granule growth behaviour depends on formulation properties and 
process variables such as binder content, binder viscosity, binder surface tension, particle 
size of materials, equipment type and operating speed. It is not the objective of the present 
study to consider in detail all of the theories behind granule growth and coalescence, and 
this section is intended as an introduction to the key concepts in this area. Readers are 
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directed to the comprehensive review reported by Iveson et al. [2] and Litster and Ennis 
[130]. 
 
5.3.2.1 Coalescence of Non-Deformable Granules 
 
Relatively little permanent deformation occurs in systems when the particles are extremely 
rigid, such as in the case of crystalline solids, and/or where impact forces are small, such as 
in the case of fluidised bed granulation. Under these constraints, granule coalescence will 
occur when they have sufficient kinetic energy to overcome the retarding force or strength 
of the liquid bridge. Ennis and co-workers [168] modelled this type of granule coalescence 
by considering the impact of two rigid, non-deformable spheres, each of which is 
surrounded by a thin layer of viscous binder (Figure 5.3.7), and is in particular relevant to 
the distribution nucleation mechanism as described in Section 5.3.1.2. Successful 
coalescence was assumed to occur if the kinetic energy of impact can be entirely dissipated 
by viscous dissipation in the fluid binder. In this so-called dynamic viscous coalescence, 
static capillary contribution to the bridge strength was neglected on the basis that viscous 
forces dominated over capillary forces. 
The viscous Stokes deformation number, Stv, which is essentially a measure of the 
relative the kinetic energy absorbed plastically by the viscous binder during the impact, 
was derived for the critical conditions under this impact situation as: 
 2
0
3
8
d
muSt
L
v 
  (5.8) 
where m is the particle mass, u0 is the impact velocity, µL is the viscosity of the binder 
layer, and d is the particle diameter.  
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Figure 5.3.7: Schematic of two colliding particles each of which is covered by a viscous 
binder layer of thickness h.  
 
A collision will lead to coalescence if the viscous Stoke number is less than the 
critical viscous Stoke number, vSt , which is defined as: 
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where e is the coefficient of restitution, h is the thickness of liquid surface layer, and ha is 
the characteristic height of surface asperities. From this model, it was postulated that three 
types of granule growth, which have been observed experimentally in many granulators, 
may occur [168]: 
 Non-inertia growth (  vv StSt max, ): The viscous Stokes number for all collisions is 
less than the critical value, and all collisions lead to coalescence. 
 Inertia growth (  vaveragev StSt , ): Particle coalescence or rebound is dependent on 
their size and mass. Process parameters and formulation properties determine the 
proportion of successful coalescence and may shift the system into either the non-
inertia or coating regime. 
 Coating (  vv StSt min, ): Kinetic energy exceeds viscous dissipation in the liquid layer, 
resulting in no coalescence.  
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Although this model provides an estimation of the granule coalescence taking into 
account dynamic effects such as viscous dissipation, the assumption that granules are 
wholly surface wet may not hold in practical pharmaceutical granulations when the 
complexity of new drug molecules mean that it is increasingly common for drug 
compounds to be poorly wetting, i.e. being hydrophobic [143]. 
 
5.3.2.2 Coalescence of Deformable Granules 
 
Significant deformation can occur during granule collisions in systems where the granule 
matrix exhibits an elastic-plastic behaviour. In such systems, coalescence will occur if the 
kinetic energy of impact can be dissipated through viscous dissipation in the liquid layer as 
well as plastic deformation of the granule bulk. Liu et al. [169] extended Ennis model to 
incorporate deformable coalescence by assuming granules to have a strain-rate independent 
elastic modulus, E, and plastic yield stress, Yd. In their work, both surface wet granules and 
surface dry granules where liquid is squeezed to the granule surface by impact are 
considered. The coalescence of surface wet granules is assumed to consist of four different 
stages: approach, deformation, initial separation and final separation (Figure 5.3.8). 
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Figure 5.3.8: Collisions between two surface wet, deformable granules:  
a) Approach: Liquid layers merge at 2h, dissipating some kinetic energy of collision. 
b) Deformation: Granules begin to deform when the separation distance reduces to 2ha 
and velocity to u1. Remaining kinetic energy is dissipated by stored elastic energy and 
plastic deformation of the granules. 
c) Initial separation: Granules begin to rebound at a velocity of u2 as the stored elastic 
energy is released. 
d) Finial separation: Viscous dissipation in the surface layer will retard granule separation. 
Granules are assumed to separate at a distance of 2h and granules rebound at a velocity 
of u3. 
 
The model of Liu et al. classifies two types of coalescence depending on whether 
their surfaces have touched: type I when the granules coalesce by viscous dissipation in the 
surface layer, or type II when the granule velocity is reduced to zero during rebound after 
their surfaces have made contact. The critical conditions for type I coalescence is similar to 
that for non-deformable granules, defined as: 
 
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The critical conditions for type II coalescence have been derived in the form of the 
Stokes number as: 
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where E* is granule modulus,   is the extent of permanent plastic deformation, and Stdef is 
the Stokes deformation number which is a ratio of impact kinetic energy to plastic 
deformation in the granule matrix when there is no surface liquid layer, and is defined as: 
d
def Yd
mu
St 3
2
0
2
  (5.12) 
From equation 5.11 and 5.12, it can be noticed that nuclei coalescence depends on a 
number of factors: the ratio of kinetic energy to viscous dissipation, Stv, and plastic 
deformation, Stdef; the granule stiffness, Yd/E*; the amount of liquid at the granule surface, 
h/ha; and the ratio of granule size to liquid layer thickness, d/h, which influences the 
relative importance of liquid layer to inertia effects. The prediction of this model for 
surface wet granules is shown in Figure 5.3.9.  
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Figure 5.3.9: Stv versus Stdef showing regions of coalescence and rebound for surface wet, 
deformable granules at constant Yd/E*, h/ha and d/h.  
 
 At low Stdef, coalescence is only dependent on the critical viscous Stokes number as 
predicted by Ennis model for non-deformable granules. Type I coalescence occurs for all 
collisions below a critical value of Stv. In this region, the relative granule velocity is 
reduced to zero before the granules touch, and therefore, coalescence is independent of Stdef. 
As Stdef increases, i.e. when the granules are more deformable, type II coalescence may 
occur and is dependent on Stv. The increase in plastic deformability of the granules aids 
coalescence in two ways: an increased amount of kinetic energy is converted in plastic 
deformation; and the increase in contact area generated by plastic deformation allows a 
greater viscous dissipation force during rebound. By increasing the impact velocity, one 
may improve the likelihood of coalescence by shifting from the rebound to the coalescence 
regime. 
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5.3.2.3 Granule Growth Regimes 
 
The models of Ennis et al. and Liu et al. predict the likelihood of nuclei coalescence, but 
provide no information on the granule growth rate and growth behaviour. Two types of 
granule growth behaviour were categorised by Iveson and Litster [170], depending on the 
deformability and rate of consolidation of granules: steady growth or induction growth 
behaviour.  
In systems where the agglomerates are too weak to resist the shearing forces in the 
granulator, significant granule breakage will occur alongside granule growth by 
coalescence [151]. Granules will grow by a layering mechanism of the small fragments 
onto the surfaces of surviving agglomerates. These weak, deformable granules also deform 
during impact, creating a larger contact area which promotes coalescence. Consequently, 
these systems exhibit a steady growth behaviour and is common in systems with coarse, 
narrowly-sized particles with low viscosity binders [130]. 
In systems where the agglomerates are relatively strong and non-deformable, 
colliding granules rebound, resulting in a period of no growth or induction until sufficient 
consolidation of the granules occurs such that the liquid binder is squeezed to the surface. 
This behaviour is generally observed in systems with fine and widely-sized particles [130]. 
Iveson and co-workers [171] proposed that the type of granule growth behaviour is 
based on the granule pore liquid saturation and the deformability of the granules during 
impact. A two-parameter granule growth regime map (Figure 5.3.10) which is expressed as 
a function of the Stokes deformation number, Stdef, and maximum granule pore saturation, 
Smax, was proposed. Granule pore saturation may vary with time due to evaporation, 
granule consolidation or dissolution of soluble components into the liquid binder. Hence, 
Smax is used and defined as: 
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where w is the mass ratio of liquid to solid, ρS is the solid particle density, ρL is the liquid 
density and εmin is the minimum porosity the formulation reaches for the particular set of 
operating conditions. 
 In the nucleation only region (Figure 5.3.10), granule nuclei form but insufficient 
binder content means that there is no granule growth. The boundary between this region 
and steady growth depends on the liquid content required to trigger growth. The critical 
saturation was reported to occur between 50% and 90% for a range of materials, and is 
dependent on the deformability of the granules as suggested by the model of Liu [169] on 
granule coalescence. If the granules are too weak (high Stdef), the system enter the crumb 
regime because the granules are too weak to survive collisions and form permanent 
granules. The system enters the slurry or over-wetting region when too much binder is 
present in the system. Induction growth systems are characterised by the presence of rigid 
granules (low Stdef) which do not deform sufficiently to allow coalescence without free 
surface moisture. Hence, nucleation only to induction growth boundary would occur at Smax 
of approximately 100%. As pore saturation increases, the induction time decreases and 
similarly, as the pore saturation for granules increases in the steady growth regime, the 
growth rate will also increase. 
 Extensive validation of the regime map was conducted by comparing growth 
behaviour observed from the work of various authors using different drum and mixer 
granulators [171]. It was concluded that the map can be used to compare the behaviour of 
materials with similar binders in the same granulator, but in the current form, comparisons 
with different materials granulated in different types of granulators are difficult. This is 
mainly due to the fact that the regime map is more than three-dimensional, for instance, 
granule growth depends also on binder viscosity which are independent of Stdef and Smax. 
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The regime boundaries, which are complex functions of granule deformability, liquid 
content, viscosity and granule pore sizes, are difficult to define. The assumption that wet 
granular materials are rigid-plastic materials is over-simplistic when they are, in fact, 
complex visco-elastic-plastic materials with strain-rate and history dependent behaviour 
[2]. In addition, the map is descriptive rather than predictive, because Stdef and Smax require 
knowledge of the maximum extent of consolidation, εmin, a priori which is related to the 
granule yield stress and pore saturation.  
 
 
Figure 5.3.10: Granule growth regime map proposed by Iveson et al. [171]. The steady 
growth/induction growth boundaries are functions of Stv. 
 
5.3.3 Breakage and Attrition 
 
Granule breakage mechanism in granulation processes was first proposed by Capes and 
Danckwerts [128] in tumbling drum granulators. Originally described as crushing and 
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layering mechanism, it is now generally known as breakage and attrition, which describes 
the granule breakage in the granulators or during subsequent granule handling. 
 In a recent review by Reynolds and co-workers [172], the understanding of granule 
breakage has two fundamental driving forces: firstly, the understanding of the breakage 
mechanisms as a rate process allows improved process design and specification, leading to 
more controlled product quality and secondly, at the granule scale, their deformation and 
breakage behaviour can be used a product quality tool to assess granule properties, and 
consequently the downstreaming processing capabilities of these granular products. 
 As the primary objective of this thesis is to understand the role of wetting and 
nucleation on granulation behaviour and the subsequent granule properties, this section 
will only serve as a brief introduction of some key findings in granule breakage 
phenomena. Readers are directed to more detailed reviews published by Iverson et al. [2] 
and Reynolds et al. [172]. 
  
5.3.3.1 Breakage as a Rate Process 
 
Although granule size distribution or granule mean sizes taken at various time scales 
during the wet granulation process can provide insights into granule growth and breakage, 
the downward shifts in these parameters are insufficient evidence for wet granule breakage. 
Using a high shear mixer, Knight and co-workers [173] argued that the considerable 
reduction in the large granule size fraction and the increase of irregular shape granules at 
high impeller speed was evidence of granule breakage. However, the increase of granule 
impact velocity at high impeller speed would also increase rebound probability of colliding 
granules [2]. 
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 In a more elegant approach, granule breakage behaviour was examined with colour 
dyed tracer granules by Ramaker et al. [174] and Pearson et al. [175]. The concentration 
of dyes in smaller granules was found to increase at a much faster rate than that in larger 
granules, which was attributed to the rapid growth of small granules by the redistribution 
of particles (dyes) from the breakup of larger granules. At high impeller speeds, the growth 
rate of smaller granules was further enhanced by the breakage of larger granules. The 
breakage rate was also dependent on the granule age, with younger granules more prone to 
breakage due to their lack of consolidation. 
 Besides the speed of impellor, a number of operating variables are reported to 
influence granule breakage behaviour. Liu and co-workers [176] have recently examined 
the effects of binder viscosity, binder saturation, surface tension and primary particle size 
on granule breakage using a breakage only granulator. Increasing binder saturation was 
found to either reduce the occurrence of granule breakage or, for a weak system, delay the 
complete breakup of granules. The breakage rate was also decreased by increasing binder 
viscosity, reducing surface tension and primary particle size.  
 Recalling the granule growth regime map (Figure 5.3.10), granules do not grow in 
the ‘crumb’ region when the Stdef is above a value of ~0.1. The determination of Stdef from 
formulation properties a piori will, therefore, allow the prediction of granule breakage in 
granulation processes. Since the granule yield stress, Yd, is determined by capillary force 
and viscous force of the liquid bridges in wet granulation, Liu et al. [176] proposed a 
simplifying relation for Yd, by combining Rumpf’s model [126] for granule static tensile 
strength and van den Dries’ modified Rumpf’s model [177] for granule strength under 
dynamic impact conditions. Particles with aspect ratio, AR, have a granule yield stress 
given by: 
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where u is the velocity of granules after impact and the other symbols have the same 
meaning as defined previously. It is, thus, obvious from Equations 5.12 and 5.14 that 
granule breakage will be reduced by increasing Yd. Various investigations conducted by 
different researchers on the effects of formulation properties and processing parameters 
(such as agitation intensity, thus the impact velocity u0) have, in fact, supported 
qualitatively the relationships of Equations 5.12 and 5.14. 
 
5.3.3.2 Breakage at the Micro-scale  
 
The strength of a granule can be interpreted as its resistance to permanent deformation and 
fracture during a stressing event, and it is normal to consider granule strength as the 
maximum stress value of the granule before fracture occurs [172]. Granules are not 
continuum solid particles, instead they are clusters of small particles held together by 
interparticle ‘bonds’. Stress applied at a local point may cause the granule to shear apart at 
the point of application before the load is transmitted to the rest of the solid volume. The 
strength of a granule is, therefore, determined by the nature and concentration of its 
internal bonds and granule microstructure. There are only few detailed studies in the 
literature examining the intrinsic strength of various interparticle bonds of dry granules 
resulting from wet granulation, but these bonds have been classified according to Figure 
5.3.11.  
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Figure 5.3.11: Schematic of common intragranular bridges and cohesive forces for a dry 
granule with an aqueous polymer as binder. 
 
The relative influence of the individual interparticle bonding forces on the granule 
strength will vary between different particulate and binder systems. Nevertheless, solid 
bridges that are formed through crystallisation, binder solidification or chemical reactions 
are typically the primary strength determining bonds, whilst adhesive forces due to van der 
Waals or electrostatic may be significant for only small particles.  
 In an interesting study by Bika and co-workers [178], the strength of interparticle 
bonds formed from ethanol or water binder systems, with or without the addition of a 
polymer (HPC or PVP), was studied on granules of D-mannitol and lactose. In the 
presence of a polymer, the tensile strength of dry bridges was similar to that of the 
corresponding polymer film, whereas the strength of the bridges attained the strength of the 
excipient crystals (or the Griffith strength) in the absence of a polymer. The compatibility 
of the polymeric binder with the excipient also affected the bridge strength, which was 
found to reduce significantly when they are incompatible. 
 The tensile strength is arguably the most frequently used description for granule 
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strength. In the classical model of Rumpf [126], the static tensile strength of granules, σt, 
can be written as: 
 2
11.1
d
F
t 




  (5.15) 
where ε is the intragranular porosity, F is the mean force required to separate constituent 
particles, and d is the mean particle diameter. However, the validity of Rumpf’s theory was 
disputed by Kendall [179] who argued that the failure mechanism in granular materials is 
crack nucleation at flaws followed by crack propagation rather than simultaneous bond 
rupture as modelled by Rumpf. Unconfined uniaxial compression tests such as the 
Brazilian test and diametrical compression have been popular methods to quantify 
agglomerate strength due to their ease of operation [180], but the estimation of the tensile 
strength by measuring the ‘crushing’ strength in this way is only valid for brittle and highly 
isotropic materials with well defined sample geometries. 
 Apart from the tensile strength, mechanical properties of granular materials can 
also be described by the Young’s modulus, Poisson’s ratio, tensile yield stress, shear 
strength, fracture toughness and hardness [172, 180], which can be measured by various 
techniques such as confined compression tests, indentation, shearing tests, three point 
bending test, single particle compression and wall impact tests depending on the choice of 
the mechanical parameter one wish to obtain. These techniques are reviewed in details by 
Bika, Gentzler and Michaels [180]. 
 
5.3.3.3 Interparticle Liquid Bridge  
 
The resistance of wet agglomerates to deformation is related to the liquid surface tension 
(contact angle), liquid viscosity as well as interparticle friction forces. In other words, two 
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particles may be held together by a liquid bridge due to capillary, viscous and interparticle 
friction forces, which can be static or dynamic in nature. 
 Considering the pendular state of liquid saturation, the capillary force between two 
spherical particles consists of three components: the axial component of the surface tension 
force at the solid-liquid-vapour interface, the force due to hydrostatic pressure in the bridge, 
and the buoyancy force due to partial immersion of each particle. For small particles where 
the bridges are sufficient small, the gravitational distortion and buoyancy forces may be 
neglected [181]. The capillary force, Fcap, can therefore be defined as the force originating 
from the axial component of the surface tension and the hydrostatic pressure difference 
across the vapour-liquid interface, and is expressed as (See Figure 5.3.12): 
 PrrF NLVNcap 
22   (5.16) 
where rN is the radius of the bridge neck. The reduced pressure, ∆P, of the bridge at the 
dividing plane is expressed by the well-known Laplace equation: 
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Other numerical treatments of liquid bridge for rough particles with surface asperities, and 
for different contact geometries have been described by Seville and co-workers [181]. 
 
 
 
Figure 5.3.12: Pendular liquid bridge between two identical spheres (β is the pinning angle 
of the bridge and r1 is the radius of the outer bridge curvature). 
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The viscous, or dynamic, force for a squeeze flow of Newtonian fluid between two 
spherical particles (with negligible deformation) can be obtained as a special case of the 
Reynolds lubrication equation [182], expressed as: 
 
dt
dh
h
RFvis  2
3 2  (5.18) 
where dh/dt is the rate of separation of the particles, h is the thickness of the surface liquid 
layer and Rp is the radius of the particle.  
The frictional force of one interparticle contact can be determined from: 
 
int
int)1(cos
h
AF LVfric    (5.19) 
where Aint is the average solid-solid contact area and hint is the average interparticle 
distance. However, for perfectly spherical particles, the solid-solid contact area is 
negligible and thus, the frictional force may be neglected.  
 
5.3.3.4 Interparticle Liquid Bridge: Effects of Wetting Hysteresis  
 
In the preceding sections, it has been established that the interparticle forces resulting from 
liquid bridges between solid particles are important in controlling the granule growth 
mechanisms and kinetics in granulation processes. The capillary force exerted by an 
axisymmetric pendular bridge has been shown to be dependent on the separation distance 
of the solid particles, the solid-liquid contact angle, liquid surface tension as well as the 
volume and geometry of the bridge [183, 184].  
In an interesting study by Willett et al. [185], the effect of contact angle hysteresis 
on the bridge capillary force was investigated by both computational modelling and 
experimental methods. Based on their results, the authors proposed a relationship between 
the capillary force, contact angle hysteresis and the filling (pinning) angle of the bridge 
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(Figure 5.3.13). When a force acts on the fluid of a pendular liquid bridge, the liquid bridge 
would ‘pin’ on the solid surface (a stationary three-phase contact line) until the contact 
angle of the bridge reaches either the advancing or receding limits when the bridge starts to 
‘slip’ (three phase line moving at a constant advancing or receding angle). The relationship 
between force and wetting hysteresis can be summarised as: 
 a to b: An increase in separation distance will result in an increase in force due to 
pinning, if the contact angle is larger than the receding angle. 
 b to c: When the receding angle is reached, the force will decrease and the bridge 
slips with a contact angle fixed at the receding value. 
 c to d: A decrease in separation distance will result in a decrease in capillary force 
due to pinning until the advancing contact angle is reached. 
 d to a: A further reduction in separation distance will result in the slipping of the 
bridge with a contact angle fixed at the advancing value.  
 
 
Figure 5.3.13: Schematic representation of the relationship between wetting and force 
hysteresis. 
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CHAPTER 6 MATERIALS AND PREPARATION 
 
6.1 Introduction 
 
In an attempt to understand the role of surface properties in wet granulation, model 
pharmaceutical materials with markedly different surface chemistries were prepared for 
surface characterisation and granulation. The model active pharmaceutical ingredients are 
racemic ibuprofen and paracetamol, and the model excipient is D-mannitol. The model 
compounds were prepared in both powder (75—180 µm sieve) and macroscopic crystal 
form. Silanised powder and silanised macroscopic crystals of D-mannitol were also 
prepared by reaction with dichlorodimethylsilane to promote surface methylation, thereby 
increasing surface hydrophobicity. Polyvinylpyrrolidone was selected as the model binding 
agent for granulation. Solid state properties of the materials are also detailed in this chapter.  
 
Table 6.1: Model Compounds Selected in this Thesis 
Model APIs Model Excipients Model Binder 
Racemic ibuprofen D-mannitol PVP 
Paracetamol   
Silanised D-mannitol   
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6.2 Excipient: D-mannitol 
 
One of the widely used excipients in pharmaceutical formulations is the acyclic sugar 
alcohol D-mannitol (C6H14O6). The properties of D-mannitol are fairly similar to those of 
its stereoisomer, D-sorbitol (Figure 6.2.1). However, the solubility of D-mannitol in water 
is significantly lower than that of sorbitol and most of the other sugar alcohols. At 14°C the 
solubility of D-mannitol in water is only approximately 13%w/v [186], whereas at 25°C 
the solubility of D-mannitol in water is approximately 18%w/v [187]. D-mannitol is 
sparingly soluble in organic solvents, like ethanol and glycerol, and practically insoluble in 
ether, ketones, and hydrocarbons. 
 
 
Figure 6.2.1: Chemical structure of D-mannitol and D-sorbitol (White, red and grey sticks 
denote hydrogen, oxygen and carbon respectively). 
 
The relative sweetness of D-mannitol to sucrose (C12H22O11 or table sugar) is only 
40—50% [187]. D-mannitol is commonly used in the formulation of chewable tablets or 
rapidly disintegrating tablets in the oral cavity because of its non-cariogenic property, and 
its high positive enthalpy of solution in water (120.9 kJ/kg) [187], thus cooling sensation in 
the mouth. The non-hygroscopicity of D-mannitol makes it a particularly useful excipient 
in formulation with moisture sensitive drugs. D-mannitol is reported to possess excellent 
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safety and compatibility with drugs [188], and is also chemically inert. These properties 
make D-mannitol very useful in production of tablets and granulated powders. 
D-mannitol is also a commonly used bulking agent in freeze-dried pharmaceutical 
formulations, due to its excellent cake-forming properties. The high eutectic melting 
temperature of D-mannitol with ice (-1.5°C) enables primary drying at relatively high 
temperatures, thereby improving process efficiency. Recent studies suggested that D-
mannitol, in the amorphous state, can be used as a lyoprotectant to prevent protein proteins 
and peptides denaturation during lyophilisation process [189, 190]. 
 
6.2.1 Polymorphs 
 
Three polymorphic forms have been identified for D-mannitol, namely α, β and δ form, 
following the nomenclature of Walter and Lévy [191]. All three forms have been 
extensively characterised by multiple methods, such as thermomicroscopy [192, 193], 
solution calorimetry [193], differential scanning calorimetry (DSC) [194-199], powder X-
ray diffractometry (PXRD) [193-196, 198-200], solid-state nuclear magnetic resonance 
(SSNMR) [194], thermal gravimetric analysis (TGA) [198, 199], differential temperature 
analysis (DTA) [198] to determine different physical and chemical properties. Selected 
physicochemical properties of D-mannitol polymorphs are displayed in Table 6.2. 
Various crystallisation methods are also reported for all three polymorphic forms. 
The β-form, the most commonly used pharmaceutical form, can be crystallised from water 
or ethanol [193, 201]. This form is the most thermodynamically stable morphology and is 
stable at ambient conditions. The α-form can be obtained by crystallisation from 70% 
ethanol [193]. The δ-form can be obtained via a number of ways. Burger et al. reported 
that the most successful procedure is to cool a hot saturated solution of D-mannitol in 
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water rapidly to 0°C using an ice bath. The crystals must be filtered rapidly as they appear, 
washed with acetone, dried at reduced pressure and stored in a desiccator [193, 194]. A 
second route to obtain δ crystals is to precipitate a solution of D-mannitol in water by 
acetone [193]. δ crystals can also be obtained by freeze-drying [202, 203]. Despite the δ-
form being unstable at ambient conditions, it was reported to show significant kinetic 
stability if kept dry, and imposed mechanical stress does not cause a transition into the 
ambient stable β-form [193]. Willart et al. has recently showed that milling a sample of β 
D-mannitol for 3 hrs causes polymorphic transformation towards the α-form [204]. 
 
Table 6.2: Important Physiochemical Parameters of D-mannitol Polymorphs (Adapted 
from [193]) 
Modification β form α  form δ form  
Crystal habit Prismatic rods Prismatic rods Needles 
Crystal system Orthorhombic Orthorhombic Monoclinic 
Melting point (°C) 166.5 166 ~155 
(incongruent) 
Enthalpy of fusion (kJ/mol) 53.5 ± 0.4 52.1 ± 0.9  53.7  
Entropy of fusion (J/mol.K) 122 ± 0.9  119 ± 2.1  125  
Measured density (g/cm3) 1.490 ± 0.000  1.468 ± 0.002  1.499 ± 0.004 
Heat of solution (kJ/mol) at 
25°C 
22.3 ± 0.2 21.5 ± 0.2 21.7 ± 0.4 
Specific heat (J/g.K) at 25°C 1.383 ± 0.009 c 1.273 ± 0.008 c 1.263 ± 0.002 c 
 
Yoshinari et al. reported that it is possible to induce a polymorphic transition from 
the δ to β form by humidification with water or ethanol [194]. Solvent molecules 
containing hydroxyl groups are able to act as molecular ‘looseners’ by forming intra and 
inter molecular hydrogen bonding, thereby breaking up the rigidly linked hydrogen bond 
network of the δ crystal structure. They observed that at 97% RH, the water uptake of δ-
form crystals was greater than that of the β-form. The change in morphology on this 
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polymorphic conversion resulted in aggregates of filament-like fine crystals with a 6-fold 
increase in the specific surface area of the δ-form crystals on exposure to humidity as a 
result of the multi-nucleation. With this unique size reduction characteristic, the authors 
also investigated the possibility of creating an in-situ particle size reduction during wet 
granulation of the δ particles in order to improve compaction property of the resulting 
granules [205]. The granules were found to produce stronger compacts with and without 
the presence of a model drug due to a lower elastic deformation and an increase in the 
number of binding sites between particles of smaller size. 
 
6.2.2 Hydrate Formation 
 
The consequence of any hydration and dehydration processes can be undesirable as the 
chemical and physical properties of the anhydrous and hydrated forms will be invariably 
changed, leading to undesired product properties as well as serious regulatory issues. Yu et 
al. reported that the hydrate formation of D-mannitol crystals is unlikely from moisture 
uptake at room temperature [198], because anhydrous D-mannitol crystals are non-
hygroscopic at room temperature - gaining less than 1% moisture at 90% RH [193]. From 
thermal and crystallographic evidence, the formation of D-mannitol hydrate was 
determined to be a low-temperature phenomenon, with relevance in particular to freeze-
drying of an aqueous D-mannitol solution. Unlike many common sugar excipients, D-
mannitol possesses a strong tendency to crystallise from a frozen aqueous solution. 
Various amount of D-mannitol hydrate, abeit in small quantity, was detectible in some 
batches of the freeze-drying samples which have undergone a ‘typical’ drying cycle, 
though an aggressive secondary drying cycle or gently heating resulted in their conversion 
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to the anhydrous polymorph(s) [198]. It was identified that D-mannitol hydrate is quite 
unstable and readily transforms to anhydrous D-mannitol polymorphs.  
Cavatur et al. found that rapid cooling, in the presence of potassium phosphate 
buffer salts or PVP, induced crystallisation of the amorphous freeze-dried concentrate was 
inhibited, whereas at slower cooling rates partial crystallisation occurred [189]. Consistent 
with Yu et al. [198], the heating cycles resulted in the crystallisation of D-mannitol hydrate. 
However, given the low glass transition temperature of the amorphous freeze-concentrate 
(~30°C), it was concluded that it is difficult to inhibit D-mannitol crystallisation during 
lyophilisation. 
Nunes et al. recently managed to resolve the stoichiometric water content of D-
mannitol hydrate which was found to exist with a hemihydrate structure (C6H14O6•0.5H2O), 
with the unit cell consisting of one water molecule and two dissimilar D-mannitol 
molecules, specifically in their torsion angles between the oxygen and carbon atoms [199]. 
The D-mannitol hemihydrate crystallises in the triclinic form with two (z = 2) molecules in 
each unit cell and of P1 space group (Cambridge Structural Database Refcode: MAFSUI). 
 
 
Figure 6.2.2: Three-dimensional unit cell structure of a) anhydrous β D-mannitol (as 
reported by Kaminsky et al. [206] and b) D-mannitol hemihydrate (as reported by Nunes et 
al. [199]).  Hydrogens are omitted for clarity. 
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Figure 6.2.3.  Powder X-ray pattern of D-mannitol hemihydrate [199], β polymorph [206], 
α polymorph [207] and δ polymorph [208]. 
 
6.2.3 Glass Transition Temperatures 
 
Although amorphous solids may have desirable pharmaceutical properties such as rapid 
dissolution rates, they are not usually marketed because of their lower chemical stability 
and their tendency to crystallise [209]. The glass-transition properties of anhydrous 
amorphous D-mannitol was reported by Yu et al., who determined the glass properties by 
introducing a small amount of a melt-miscible impurity, its stereoisomer D-sorbitol, to 
delay the onset of the normally strong tendency of D-mannitol to crystallise [197]. The 
reported Tg,onset, Tg,midpoint and Tg,end were 10.7°C, 12.6°C and 18.4°C respectively, which 
are very similar values to those reported elsewhere [203, 210, 211]. The amorphous state 
of D-mannitol was also obtained and characterised by Yoshinari et al. using the quench-
cool method [210]. The method involved melting D-mannitol completely at 170°C and 
rapidly cooling the sample to sub-zero temperature using liquid nitrogen. However, re-
crystallisation of the amorphous phase to the meta-stable and stable form of D-mannitol 
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straight after the glass transition makes it difficult to stabilise the amorphous state. It was 
found that by mixing 5%w/v or higher of boric acid into the melt and cooling to ambient 
conditions, it was possible to obtain a totally amorphous phase. 
 
6.2.4 Crystal Growth 
 
Polymorphs of D-mannitol have been successfully crystallised and their crystal structure 
determined by single crystal X-ray diffractometry by various groups such as Fronczek and 
co-workers [208]. In particular relevance to the current thesis, Kaminsky and Glazer [206] 
reported that β D-mannitol crystals of up to 80 mm in length and a cross-section of 
approximately 10 mm × 7 mm were grown from aqueous solutions of D-mannitol in 95% 
water and ca. 5% isopropanol within one month from seed crystals by controlled 
evaporation of the solvent at 305 K. The authors also observed that the addition of 
isopropanol to the crystallising solution resulted in crystals which tend to be less opaque, 
therefore of a better quality for single crystal XRD studies. 
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6.3 API: Paracetamol 
 
Paracetamol, p-hydroxyacetanilide or acetaminophen (C6H9NO2) (Figure 6.3.1), is a 
widely accepted antipyretic and analgesic drug, with functional end groups of hydroxyl, 
carbonyl, amine as well as a benzene ring. The solubility of paracetamol in cold water is 
extremely low (8.21 g/kg of solvent at 5°C), while it is slightly more soluble in warm 
water (17.3 g/kg of solvent at 30°C). Paracetamol has a very low solubility in non-polar 
and chlorinated hydrocarbons such as toluene and carbon tetrachloride, but is soluble in 
organic solvents such as methanol (297.8 g/kg solvent at 20°C), ethanol (190.6 g/kg 
solvent) and acetone (88.1 g/kg solvent) [212].   
 
 
Figure 6.3.1: Chemical structure of a paracetamol molecule (White, red, grey and blue 
sticks denote hydrogen, oxygen, carbon and nitrogen respectively). 
 
6.3.1 Polymorphs 
 
It was reported that paracetamol exibits three polymorphic forms [213]: a monoclinic form 
I, which is thermodynamically stable at room temperature and is the commerically used 
form; a metastable orthorhombic form II, which displays a better powder compaction 
behaviour compared to the form I due to its plastic behaviour upon compaction; and a very 
unstable form III, of which the crystal structure has not yet been determined due to its high 
physical instability. Several studies exist in the literature that have structurally 
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characterised form I and form II paracetamol. Both forms were first described by Haisa et 
al. [214, 215], followed by a number of refinements by various groups [216-219]. Form I 
paracetamol crystallises in the monoclinic structure with two (z = 4) molecules in each unit 
cell and of P21/n space group (Cambridge Structural Database Refcode: HXACAN07), 
whereas the form II crystallises in the orthorhombic structure with 8 molecules and of Pbca 
space group (Cambridge Structural Database Refcode: HXACAN08). For form I 
paracetamol, corrugated sheets of molecules, which are held to each other by hydrogen 
bonds, are formed along the ac plane, whilst for form II, parallel 2-D sheets of molecules 
are formed long the ab plane. The uniqueness of the molecular conformations in form I and 
form II paracetamol results in their difference in ability to form hydrogen bonds on various 
facets [74].  
A comprehensive review of calorimetric data available for form I and form II 
paracetamol was given by Espeau and co-workers [220]. 
 
 
Figure 6.3.2: Three-dimensional unit cell structure of paracetamol a) form 1 and b) form II. 
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Table 6.3: Paracetamol – Selected Physiochemical Parameters of the Polymorphs 
Modification Form I Form  II 
Crystal system Monoclinic Orthorhombic 
Melting point (°C) 167 – 172 154 – 159 
Enthalpy of fusion (kJ/mol) 28.95 28.43 
Measured density (g/cm3) 1.291 1.336 
 
6.3.2 Hydrate and Solvate Formation 
 
McGregor et al. [221] reported the first preparation and structural characterisation of a 
hydrate of paracetamol. The paracetamol hydrate, which was characterised to have a 
stoichiometric water content of a trihydrate, was first observed while recrystallising a 
sample of paracetamol from aqueous solution by slow cooling to 0°C. The needle-like 
trihydrate crystals were found to have low thermal stability: the crystals dehydrated rapidly 
and disintegrated at 20°C to give the monoclinic form I anhydrous paracetamol. The 
packing of the trihydrate molecule shows an extensive hydrogen-bonded network.  
 At the same time, Parkin et al. reported the isolation of a monohydrate form of 
paracetamol, C8H9NO2•H2O by dissolving paracetamol and disodium terephthalate at 333 
K and cooling the solution rapidly to 273 K [222]. The needle-like colourless crystals are 
unstable at ambient conditions and dehydrate within 5 min to give form I monoclinic 
polymorph. 
 Using high pressure crystallisation from solution, Fabbiani and co-workers recently 
reported the isolation of a paracetamol dihydrate [223] as well as the formation of a 1:1 
methanol solvate of paracetamol [224]. Although the crystals progressively dissolved upon 
gradual decompression at constant temperature, the authors suggested the crystals may 
exist in a metastable form at ambient pressure at low temperature. The application of high 
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pressures to solids has been shown to be effective at inducing polymorphic transitions from 
the monoclinic polymorph to orthorhombic polymorph, in line with the higher density of 
the latter form [225]. However, due to kinetic hindrance, the conversion was incomplete. 
By crystallisation from solution, the authors found that more modest pressures were 
required, and that the technique is able to overcome the kinetic barriers associated with 
interconversion of polymorphs and formation of hydrates and solvates.  
 
6.3.3 Glass Transition Temperature 
 
Di Martino et al. [226] determined the glass transition temperatures and the molecular 
mobility of amorphous paracetamol which have been subjected to various periods of aging 
at a range of temperatures. The amorphous form of paracetamol was obtained by quench 
cooling (200°C/min) of the melt. Tg of an unaged sample was determined to be 22.63°C 
and the onset of Tg increases with aging time and temperatures. When the amorphous form 
is kept at a temperature higher than the Tg, crystallisation as form II occurs spontaneously 
within 2 hrs. On the other hand, if the amorphous form is below the Tg, crystallisation does 
not occur spontaneously. It was also noted that when the amorphous form is aged at 
temperatures below Tg, DSC scan shows the presence of an endothermic relaxation peak 
which is dependent on temperature and aging time. This was attributed to the spontaneous 
losses in enthalpy of the amorphous materials during storage, due either to the normal 
molecular motions occurring under those conditions, or to the thermodynamic driving 
force towards a more stable crystalline state. 
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6.3.4 Crystal Growth 
 
Numerous authors have reported the crystal growth of monoclinic paracetamol with 
various crystal habits. The crystal shape of form I paracetamol was reported to be 
dependent on the temperature-related growth kinetics [227], solvent type [228] and degree 
of solution supersaturation [229, 230]. Heng et al. [15] have managed to obtain 
macroscopic monoclinic and orthorhombic crystals over a few cm in length for single 
crystal wettability studies using the sessile drop contact angle technique [15, 74]. 
Macroscopic crystals of form I paracetamol were prepared by slow evaporation from a 
saturated solution of paracetamol in methanol at 20°C for a period of 20 to 30 days. A 
single-seed paracetamol crystal was suspended with a single aramid fibre in the saturated 
solution without stirring, and the solution was allowed to evaporate slowly to promote 
crystal growth. Heating of the solution and exposure to direct sunlight were avoided to 
minimise oxidation of the paracetamol. 
Form II paracetamol can be prepared by slow cooling of a paracetamol melt [213], 
by crystallisation from industrial methylated spirits (IMS) (ethanol and 4%v/v methanol) 
using form II seeds and by cooling a hot supersaturated solution of paracetamol in benzyl 
alcohol using form II seeds [231]. The growth of the macroscopic form II paracetamol 
single crystals was first reported by Mikhailenko [232]. The methodology involved firstly 
dissolving 12.5 g of pure paracetamol in 500 mL deionised water at 40°C, boiling the 
solution for 15 min and filtering the solution through filter paper. The solution was then 
kept at 40°C for 24 hrs before cooling at a rate of 3°C/day until typically 0-4°C. Form II 
crystals (with a reported probability of 95%) were reported to be obtained within 24 days. 
Heng and co-workers [74] reported that the growth of form II crystals can be expedited by 
directly cooling the solution from 40°C to 4°C, in which case crystals are typically formed 
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within 48 hrs. Contaminants in the solutions were reported to favour the crystallisation of 
form I. 
 
6.4 API: Ibuprofen 
 
Ibuprofen (2-(4-isobutylphenyl)propionic acid) (C13H18O2) is a non-steroidal anti-
inflammatory (NSAID), analgesic and antipyretic agent which is widely used worldwide 
due to its high efficiency and tolerance but low toxicity compared to similar substances 
such as aspirin and indomethacin. An ibuprofen molecule consists of a carboxylic acid 
group, a benzene ring and a methyl terminated group (Figure 6.4.1). Hence, it may interact 
with external molecules via both dispersive and polar intermolecular interactions. The 
arrangement of these constituent groups results in the molecule having one hydrophobic 
end whilst the other end is very hydrophilic. Ibuprofen possesses an asymmetric carbon 
which gives rise to its chirality.  
 
 
Figure 6.4.1: Chemical structure of an ibuprofen molecule (White, red and grey sticks 
denote hydrogen, oxygen and carbon respectively; * denotes the chiral atom). 
 
Recrystallisation of ibuprofen from solution has resulted in various crystal habits, 
with crystals possessing a higher aspect ratio being formed from non-polar solvents. X-ray 
diffraction studies have revealed similar diffraction patterns for all these habits thus 
excluding polymorphic modifications during crystallisation [233]. Prismatic shaped 
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crystals often possess more favourable tabletting and particulate flow properties as 
opposed to the needle shaped crystals [234-236]. It has been proposed that these 
differences in crystal habits are directly due to the variations in the solid-liquid interactions 
which occur between the crystal and the solution from which they are crystallised [237]. A 
strong relationship illustrating the importance of these differences in intermolecular 
interactions is demonstrated by the variable dissolution rates of different ibuprofen crystal 
habits [238].  
 
6.4.1 Racemism 
 
Ibuprofen, which has a chiral carbon centre, exhibits stereoisomerism. Under ambient 
storage conditions, the S-(+)-enantiomer, R-(-)-enantiomer and the racemic compound 
((±)-form) can exist [239]. Common marketed formulations contain the racemic compound, 
although the S-(+)-enantiomer is the bioactive form, and it is also known that the R-(-)-
enantiomer is partially converted to the S-(+)-enantiomer in humans. Enantiomers of 
ibuprofen have identical XRD patterns because their structures are mirror images of each 
other, but the corresponding racemic compound has different XRD pattern. 
The racemic ibuprofen has quite different thermodynamic properties compared to 
the S-(+)-ibuprofen. Perlovich et al. [240] reported that heats of sublimation of the racemic 
form and S forms of ibuprofen were 116 kJ/mol and 108 kJ/mol, respectively. This 
difference is indicative that the former is the thermodynamically more stable form.  
S-(+)-ibuprofen crystallises in the monoclinic structure with two (z = 4) molecules 
in each unit cell and of P21 space group (Cambridge Structural Database Refcode: 
JEKNOC10), whereas the racemic compound also crystallises in the monoclinic structure 
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with 4 molecules but of P21/c space group (Cambridge Structural Database Refcode: 
IBPRAC02). 
 
 
Figure 6.4.2: Three-dimensional unit cell structure of ibuprofen a) S-(+)-enantiomer and b) 
racemic compound. 
 
 No polymorph, hydrate and solvate have been reported for pure ibuprofen. 
However, due to its poor water solubility (1 mg/mL at 25 °C), its low melting point (77 °C) 
and possible esterification when formulated with excipients containing hydroxyl groups, 
ibuprofen can be formulated using its sodium salt form – racemic sodium ibuprofen 
(Na+·C13H17O2-·2H2O) [241]. Sodium is the most widely used pharmaceutical salt counter-
ion with a reported usage of 62% for acidic drugs [19]. Although the salt forms of drugs 
are more soluble, they also tend to be more hygroscopic, leading to potential stability 
issues under different storage conditions. The sodium salt of sodium ibuprofen crystallises 
from water as a dihydrate which is thermodynamically stable under ambient conditions. On 
the other hand, the anhydrous form of racemic sodium ibuprofen is highly hygroscopic. 
The crystal lattice structure of racemic sodium ibuprofen dihydrate and its S-(+)-
enantiomer are reported by Zhang and Grant [242].   
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6.5 Pharmaceutical Binder: Poly(N-vinyl-2-pyrrolidone) 
  
Poly(N-vinyl-2-pyrrolidone), PVP or povidone ((C6H9NO)n) (Figure 6.5.1), is a water-
soluble polymer which contains both a strong hydrophilic component (the amide group) 
and a significant hydrophobic moiety (six carbons per monomer unit). PVP has a wide 
variety of commercial applications in the medical, food and pharmaceutical industries for 
diverse uses such as blood plasma substitute, binding agent for granulation and food 
thickener. Because of its significant uses and its structural similarity to biopolymers, PVP 
has been extensively studied with various macromolecule characterisation techniques 
including viscometry, osmometry, NMR and light scattering [243]. As a tablet binding 
agent, an aqueous concentration of between 0.5%w/w and 5%w/w is typically used [188]. 
PVP is freely soluble in liquids other than water such as acids, chloroform, ethanol, 
ketones and methanol, but is practically insoluble in ether, hydrocarbons and mineral oil. 
In water, the limiting concentration of a solution is determined by its viscosity which is a 
function of its K-value [188]. The K-value can be determined from: 
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  
(6.1) 
where c is the solution concentration in % w/v and z is the relative viscosity of the solution 
of concentration c. 
    
 
Figure 6.5.1: Chemical structure of PVP. 
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6.5.1 Surface Activity and Interations in Water 
 
The solution behaviour of PVP is determined to a significant degree by the interactions of 
the PVP molecule in water. In aqueous solutions, self-association of the PVP molecules 
occurs when the concentration is above a threshold typical of its molecular weight, forming 
hydrogen bonds with neighbouring water molecules. The strong electronegativity of the 
oxygen adjacent to the nitrogen atom in the carbonyl group creates strong affinity for 
hydrogen atoms of the water molecules.  
Sun and King [243] reported, from dynamic and static light scattering experiments, 
that dilute aqueous PVP solutions (at 25°C) exhibit good solvent-polymer system 
behaviour whereas in semidilute solutions of PVP, aggregates of PVP are detected. This 
aggregation behaviour was attributed to the tetrahedral hydrogen bonding network of water.  
 
 
Figure 6.5.2: Aggregation of PVP in water: the hydrogen bonding network of water 
effectively links the polymer molecules together (Adapted from Sun and King [243]). 
 
Noskov et al.[244] also measured the surface tension of aqueous PVP solutions as a 
function of concentrations, and found that surface tension decreases slowly for more than a 
day at concentrations higher than 0.5%w/w. It was pointed out that at concentration higher 
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than 2%w/w the surface pressure of PVP solutions approaches values typical for strong 
surfactants.  
 
6.5.2 Physical and Thermodynamic Properties 
 
A number of physical and thermodynamic properties of aqueous PVP solutions including 
their densities, viscosities and water activities were measured by Sadeghi et al. [245] at 
four different temperatures: 25, 35, 45 and 55°C. The PVP has a molecular weight of 10 K 
and the measurements of PVP solutions covered concentrations ranging from 0.27%w/w 
up to 78.7%w/w. The densities of solutions are relatively close to the value for pure water, 
increasing from 0.998 g/cm3 for a 0.27%w/w solution to 1.104 g/cm3 for a 46.5%w/w 
solution. The densities decrease slightly as temperature increases, measuring a value of 
0.986 g/cm3 for the former solution and 1.086 g/cm3 for the latter. The viscosity of PVP 
solutions does not increase dramatically until above approximately 20%w/w (Figure 6.5.3), 
and the values are very similar to that for water at 25°C.    
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Figure 6.5.3: Plot of viscosity against PVP solution concentration at different temperatures. 
(Plotted from data from [245]) 
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6.6 Experimental Section 
6.6.1 Materials 
 
D-mannitol (Ph Eur Pearlitol® 160C, Roquette, France) and ibuprofen (2-(4-
isobutylphenyl)propionic acid) (Shasun, London, U.K.) were used for the preparation of 
macroscopic crystals without further purification. HPLC grade acetone (>99.9% purity, 
Sigma-Aldrich, Poole, U.K.) and analytical grade deionised water were used as 
crystallisation solvents. Isopropanol (99.6%, Acros Organics, Geel, Belgium) was used as 
received. Dichlorodimethylsilane (≥99.5% Aldrich, Poole, U.K.) and trichloroethylene 
(≥99.5% Sigma-Aldrich, Poole, U.K.) were used for surface chemical treatment. 
 
6.6.2 Crystallisation of Macroscopic Crystals 
 
A fundamental feature of real solid surfaces is surface heterogeneity which may be due to 
presence of impurities, different crystal facets, growth steps, crystal edges, surface pores, 
local degree of crystallinity and surface functional groups [16]. A detailed understanding 
of the surface properties of pharmaceutical materials will require new characterisation 
approach. In the following section, the crystallisation of macroscopic single crystals is 
described. This allows the direct measurement of facet specific surface properties of the 
materials which are reported in Chapter 7. Two different crystallisation strategies were 
employed and were successfully shown to result in macroscopic crystals. D-mannitol 
crystals were obtained via temperature reduction, whereas racemic ibuprofen crystals were 
obtained via a solvent evaporation technique. 
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6.6.2.1 Crystallisation of Macroscopic D-mannitol 
 
Due to the extremely low solubility of D-mannitol in organic solvents such as ethanol, 
methanol and acetone, water was selected as the solvent for re-crystallisation. The absence 
of a suitable high vapour pressure solvent impedes the crystallisation of macroscopic 
crystals via solvent evaporation. β D-mannitol seed crystals of a few millimetres in size 
were obtained by recrystallising a supersaturated solution of D-mannitol in analytical grade 
de-ionised water at room temperature.  
To obtain macroscopic crystals with large and distinguishable facets, good quality 
single micro-crystal was carefully selected from the solution and dried with clean tissue 
paper. Saturated solution of D-mannitol in water was prepared at 30°C by dissolving 
crystalline powders in beaker of water inside a temperature-controlled water bath. The 
solution was under continuous stirring until no further powder was dissolved. The micro-
crystal was then tied with a single aramid fibre (diameter = 10 µm), and suspended in a 
saturated solution at 30°C without stirring and allowed to cool slowly to 15°C at a rate of 
1°C/day. Reseeding the crystal in fresh solution at 30°C was required to obtain crystal of 
macroscopic (>1cm) scale. Approximately 5%v/v of isopropanol was added to the solution 
to improve the crystal clarity and prevent bacterial growth. At a faster cooling rate 
(>3°C/day), the quality of crystals was found to decrease.  
The corresponding Miller indices of the crystalline facets were identified by 
measuring the dihedral angles as described in Chapter 2 using a contact goniometer, 
although a reflective goniometer is the more accurate instrument. Due to the size of the 
crystals, it was sufficient to identify correctly the Miller indices of the facets expedited by 
the macroscopic D-mannitol crystals. The experimentally measured dihedral angles were 
in good agreement with the calculated values from Equations 2.3 and 2.4 based on crystal 
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cell dimension obtained from CSD (Refcode: dmantl07). The comparisons are shown in 
Table 6.4. 
 
Table 6.4: Comparisons of Dihedral Angles Calculated from CSD Cell Dimension Data 
and the Measured Values for β D-mannitol 
Facet 1 Facet 2 Calculated (°) Measured (°) Difference (%) 
120 201  91.6 89 -2.9 
010 011 108.2 110 1.7 
010 120 135.8 138 1.6 
110  011 143.6 145 0.9 
110 120 161.4 - - 
110 210 167.2 - - 
110 010 117.2 - - 
 
 
Figure 6.6.1: Macroscopic β D-mannitol crystal grown from aqueous solution a) cross 
sectional view and b) elevated view. 
 
The habit of macroscopic single crystals obtained is shown in Figure 6.6.1. The 
crystal habit corresponds to that reported in the literature [206] (Figure 6.6.2), with major 
indexed facets (120), (011) and (010). However, facets (210) and (110) were absent after 
long growth period. In our study, it was found that the crystal exhibits perfect cleavage on 
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the (010) plane, consistent with Kaminsky and Glazer [206]. The crystals were dried with 
clean tissue paper and stored under ambient conditions prior to further surface 
measurements or surface chemical treatments. 
 
 
Figure 6.6.2: Crystal habit for β form of D-mannitol with facets (011), (010), (120), (110) 
and (210) as reported by Kaminsky and Glazer [206]. 
 
6.6.2.2 Crystallisation of Macroscopic Ibuprofen 
 
An attempt to crystallise macroscopic crystals of racemic ibuprofen was also made. These 
macroscopic crystals were prepared by slow solvent evaporation from a saturated acetone 
solution as opposed to a temperature reduction method. Due to the high solubility of 
ibuprofen in organic solvents such as acetone, the driving force for crystallisation can be 
controlled by the rate of solvent evaporation. 
A single seed crystal was suspended using a single aramid fiber (diameter = 10 µm) 
in the saturated solution without stirring. The solvent was allowed to evaporate slowly at 
10°C over a period of 20–30 days, resulting in crystal growth which ultimately culminated 
in macroscopically large crystals (length >1 cm). The crystal habit of racemic ibuprofen is 
shown in Figure 6.6.3. 
Although macroscopic crystals can be obtained with the methodology as described 
above, the crystal quality was found to be greatly improved by crystallising at 5°C at a 
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slower solvent evaporation rate. Crystals were dried under ambient conditions before 
further experiments. 
 
Table 6.5: Comparisons of Dihedral Angles Calculated from CSD Cell Dimension Data 
and the Measured Values for Racemic Ibuprofen 
Facet 1 Facet 2 Calculated (°) Measured (°) Difference (%) 
110 001 94.7 95 0.4 
100 011 95.8 95 -0.9 
100 001 99.7 99 -0.7 
100 110 118.9 118 -0.7 
011 001 127.1 127 -0.1 
110 011 138.4 135 -2.5 
 
 
Figure 6.6.3: Macroscopic racemic ibuprofen crystal grown from acetone solution. 
 
 
6.6.3 Surface Modifications of Macroscopic Crystals and Crystal Powders 
 
Surfaces of macroscopic crystals and untreated D-mannitol powder were methylated by 
mixing the respective samples in separate solutions of 5%v/v dichlorodimethylsilane in 
trichloroethylene at 80°C for 3 hrs under constant reflux, according to the reaction pathway 
as shown in Figure 6.6.4. The mixtures were agitated continuously during the reaction 
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process to ensure good dispersion and methylation of surface hydroxyl groups. The liquid 
was decanted off after reaction and the samples were dried in a vacuum oven at 80°C for 2 
hrs. Materials were stored at 4°C before characterisation. 
 
 
 
Figure 6.6.4: Chemical reaction of surface hydroxyl groups of D-mannitol (Me denotes a 
methyl group). 
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6.7 Conclusions 
 
Model pharmaceutical materials with distinctive surface chemistries were prepared for 
surface characterisation. The model active pharmaceutical ingredients are racemic 
ibuprofen and paracetamol, and the model excipient is D-mannitol. Macroscopic crystals 
of racemic ibuprofen and D-mannitol were successfully grown using solvent evaporation 
and controlled cooling respectively. Silanised powder and silanised macroscopic crystals 
of D-mannitol were also prepared by reaction with dichlorodimethylsilane to promote 
surface methylation, thereby increasing surface hydrophobicity. Detailed physical and 
chemical properties of all model compounds have also been reviewed extensively. 
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CHAPTER 7 CONTACT ANGLES & SURFACE ENERGETICS 
OF MACROSCOPIC PHARMACEUTICAL 
CRYSTALLINE SOLIDS 
 
7.1  Introduction 
 
The sessile drop technique is employed in this chapter to derive the solid surface free 
energies. It is a common practice in the pharmaceutical industry to measure the wettability 
of a new drug entity via the sessile drop technique on powder compacts formed under high 
pressure. The drawback of such approach is demonstrated in this chapter. An alternative 
approach by measuring facet specific surface properties using macroscopic crystals is 
discussed in detail. The hydrophobicity of various Miller indexed crystal facets is also 
rationalised based on the surface chemistry derived from the three-dimensional crystal 
lattice structure and by X-ray photoelectron spectroscopy. 
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7.2 Background 
 
Amongst all liquid probe techniques, sessile drop contact angle measurement is one of the 
most commonly used techniques in the characterisation of surface energetics and 
wettability of pharmaceutical solids. Surface free energy of a solid may be estimated by 
measuring the contact angles of a series of known reference liquids on the surface using 
the classical Young’s equation. Measurements of contact angle can be performed on 
compressed powder surfaces, powder adhered to a glass slide or Wilhelmy plate methods 
on compressed plates, but these methods have significant limitations in the accurate 
assessment of surface energy [246]. An alternative approach is to conduct sessile drop 
contact angle measurements on surfaces of macroscopic crystals to derive surface energetic 
information [17]. Using macroscopic crystals, Heng et al. [17] were able to measure 
experimentally the facet-specific surface energetics and wettability of APIs. The facet-
specific surface energetics were found to be mainly due to chemical heterogeneities present 
on the surfaces, with negligible influence on the data due to surface roughness, dissolution, 
swelling and non-equilibrium effects [15]. The approach greatly enhances the quality and 
quantity of surface energetic and chemical informations one can obtain from crystalline 
pharmaceuticals using a liquid probe technique such as contact angle.  
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7.3 Experimental Section 
7.3.1 Materials 
 
Macroscopic crystals of D-mannitol, silanised D-mannitol and racemic ibuprofen were 
used for sessile drop contact angle measurements. Analytical grade deionised water, 
diiodomethane (>99%, Acros Organics, Geel, Belgium), formamide (>99.5%, Acros 
Organics) and ethylene glycol (>99%, Sigma-Aldrich, Poole, UK) were used as probe 
liquids. Saturated aqueous D-mannitol solution was also used as probe liquid for D-
mannitol crystals. The saturated solution was prepared by stirring D-mannitol powder in 
analytical grade deionised water at 20°C until the powder no longer dissolved. 
 
7.3.2 Compact Formation 
 
Two compacts of D-mannitol (Ph Eur Pearlitol® 160C, Roquette, France) were prepared 
using a Carver press with a 10 mm diameter stainless-steel die and punch. Approximately 
1 g of powder was used for each compaction, and the compaction force was 98 kN. 
Measurement of contact angles on these compacts were carried out immediately after 
compaction.   
 
7.3.3 Contact Angle Measurements 
 
Sessile drop contact angles were obtained with a Krüss drop shape analyser (DSA 10, 
Krüss GmbH, Hamburg, Germany) with analytical grade deionised water, diiodomethane, 
formamide, ethylene glycol and saturated aqueous D-mannitol solution as probe liquids. 
Initial drops of ~5 µL were dispensed onto the solid crystal facet. Advancing contact 
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angles, A , were measured by continual addition of the test liquid onto the droplet using a 
motor-driven syringe, and receding contact angles, R , were obtained by removal of the 
test liquid. The needle tip was immersed and remained within the top half of the droplet 
which was monitored with a CCD camera. Contact angles were determined using the Drop 
Shape Analysis software (DSA version 1.0, Krüss GmbH, Hamburg, Germany). A 
minimum of 15 droplets on more than 5 single crystals were measured on each crystal 
facet. Experiments were conducted at a temperature of 20 ± 2°C. 
 
7.3.4 X-ray Photoelectron Spectroscopy 
 
XPS spectra were acquired on all available facets of macroscopic D-mannitol crystal using 
a Sigma Probe spectrometer (Thermo VG Scientific, East Grinstead, U.K.). The instrument 
is equipped with both a microfocus monochromated AlKα source and a standard twin 
anode source (AlKα/MgKα). In this work, the twin anode AlKα X-ray source (h = 1486.6 
eV) was used at 300 W (15 kV × 20 mA). For all survey spectra, the pass energy was set at 
100 eV. The pass energy was set at 20 eV for C 1s and O 1s high resolution, core level 
spectra. The samples were held in place on the instruments sample stage by sprung Cu/Be 
clips. Quantitative surface chemical analyses were calculated from the high resolution, 
core level spectra following the removal of a non-linear (Shirley) background. Fitting was 
performed using the manufacturers Advantage software (version 2.0.35, Thermo VG 
Scientific, East Grinstead, U.K.) which incorporates the appropriate sensitivity factors and 
corrects for the electron energy analyzer transmission function. 
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7.3.5 Polymorphic Identification 
 
X-ray powder diffraction spectra were obtained for the silanised and untreated powder 
samples using a X’Pert Pro diffractometer (PANalytical B.V., Almelo, The Netherlands) 
over the range of 8—40° 2θ with a CuKα X-ray source at 40 kV and 40 mA. 
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7.4 Results and Discussion 
7.4.1 Sessile Drop Contact Angle on D-mannitol Compacts 
 
Commercial D-mannitol powder was compacted under high pressure to form tablets for 
characterisation by sessile drop technique in order to yield the surface energetic 
components of the sample. As can be seen from Figure 7.4.1, the liquid drops of water 
penetrated almost immediately (under 2 seconds) upon contact of the compact and no 
equilibrium contact angle was thus measurable. Measurements were repeated on the same 
compact at different surface locations as well as on a separate compact. However, similar 
penetration rates of water droplets were observed. The complete and rapid penetration 
identicates that the tablets are highly porous. The high solubility of D-mannitol in water 
may also facilitate a fast rate of drop penetration. 
 
 
Figure 7.4.1: Penetration of a water droplet into 98 kN D-mannitol compacts. 
 
Although contact angle determination of complex organic solids using sessile drop 
is traditionally performed on powder compacts, the fabrication of powder compacts under 
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high pressures is reported to cause surface deformation, and the contact angles measured 
may not represent the true equilibrium surface energy of the particles. Compacts also have 
a rough surface topography and are porous, leading to penetration of liquid and swelling 
effects [247]. Thus, the measurement of contact angle by sessile drop on powder compact 
is not always a reliable means to determine the solid-vapour surface free energy. 
 
7.4.2 Sessile Drop Contact Angle on Single D-mannitol Crystals 
 
A  and R  were measured on all available facets of macroscopic single D-mannitol 
crystals with diiodomethane and water (Table 7.1). For the characterisation of 
pharmaceutical crystals, A  were used to approximate Y  as in previous studies [15, 248]. 
A  for diiodomethane on facets (010) and (120) were found to be very similar at about 30°, 
whereas that on facet (011) was approximately 40°, about 30% higher. A  of 
diiodomethane indicated that similar long-range dispersive interactions are present on facet 
(010) and (120), whereas facet (011) possesses weaker van der Waals dispersive 
interactions. On the basis of A  for diiodomethane, an order of the van der Waals type of 
interactions for β D-mannitol facets can be proposed: 
(010)  (120) > (011) 
 
The hydrophilicity of the three facets of D-mannitol was determined from A  for 
water. Surfaces which exhibit low A  for water are considered hydrophilic whilst high A  
indicates hydrophobic propensity. The highest A  of water was obtained on facet (010) 
whereas facet (011) was almost fully wettable with water, i.e. A  < 10°. The major 
problem with measuring A  on D-mannitol with water is crystal dissolution, as D-mannitol 
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has a relatively high solubility in water; at 20°C, the saturation concentration is 182 g/L 
[206]. To establish the significance of dissolution on the contact angles measured, A  were 
also obtained with D-mannitol-saturated aqueous solution at the same experimental 
temperature of 20 ± 2°C. As shown in Table 7.1, the measured values of A  were almost 
the same, within experimental error, for both water and D-mannitol-saturated water 
solution, and the rank order of wettability for the facets was identical. From the A  for 
water, the hydrophilicity order for β D-mannitol facets is: 
(011) > (120) > (010) 
 
Table 7.1: A, R and Δθ (°) for Specific Crystalline Facets of Untreated D-mannitol and 
Silanised D-mannitol Crystals (Standard Deviation, n   15) 
Probe Liquid Facet (010) (120) (011) 
Untreated D-mannitol     
Diidomethane θA 30.3  2.4 31.9  2.9 40.1  1.5 
 θR - 16.3  2.7 15.2  2.7 
 Δθ - 15.6 24.9 
Water θA 56.2  1.9 46.2  2.2 12.8  4.6 
 θR - 15.0  3.6 - 
 Δθ - 31.2 - 
Mannitol-saturated water θA 59.7  9.5 48.1  4.9 16.8  6.2 
 θR - 27.7  4.3 - 
 Δθ - 20.4 - 
Silanised D-mannitol     
Diidomethane θA 48.8  2.1 48.9  2.4 48.8  2.2 
 
A difference in R  and A  implies the occurrence of hysteresis. Despite extensive 
research, the reasons for the occurrence of contact angle hysteresis have remained 
inconclusive. Some established phenomena that can cause contact angle hysteresis are 
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surface roughness, chemical heterogeneity, material swelling, dissolution, surface 
restructuring and other non equilibrium effects. The contact angle hysteresis showed in 
Table 7.1 was in the range of 15—32°, suggesting that non-ideal wetting of the surfaces 
due to thermodynamic or kinetic effects was relatively insignificant. In the current study, 
no swelling of crystals occurred with the probe liquids used, and no time-dependent 
contact angle effects were observed. The A  was used for calculation of surface energetics 
as commonly reported in literature. 
The anisoptropic wettability of D-mannitol can be attributed to the variation in the 
concentration of surface functional groups on the individual facets. A simple estimation of 
the potential contributions of hydroxyl groups to the surface chemistry of the individual 
facet was obtained by determining density of ‘free’ hydroxyl groups which are liable to 
hydrogen bonding or polar interactions at each facet from accessing the number of exposed 
‘free’ hydroxyl groups per unit cell surface area using Mercury software. Crystallographic 
structures at facets (010), (011) and (120), generated from crystal structure obtained from 
CSD using Mercury (Cambridge Crystallographic Data Centre), are displayed in Figure 
7.4.2, and the estimated density of ‘free’ hydroxyl groups are summarised in. The increase 
in –OH group density correlates well with the order of hydrophilicity derived from contact 
angle data for both water and D-mannitol-saturated aqueous solution. 
 
Table 7.2: Unit Cell Information for D-mannitol and Predicted Free Hydroxyl Group 
Surface Concentrations 
Facet Unit cell 
length 
(Å) 
Unit cell 
depth 
(Å) 
Unit cell area 
(Å2) 
Approximate 
number of free 
OH groups 
OH group 
density 
(Å-2) 
(010) 8.694 5.549 48.24 2 0.0415 
(120) 12.124 5.549 67.27 4 0.0595 
(011) 17.789 8.694 154.66 11 0.0711 
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Figure 7.4.2: Crystallographic structure of β D-mannitol showing a) facet (010) b) facet 
(120) and c) facet (011). 
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7.4.2.1 Crystal Surface Chemistry by XPS 
 
Crystal surface chemistry was quantitatively determined by XPS from C 1s and O 1s XPS 
spectra for the crystal facets as shown in Figure 7.4.3 and Figure 7.4.4 respectively. Both 
the O 1s and C 1s spectra of all facets were similar; the O 1s spectra contain one main peak 
centered at ~533 eV binding energies whereas C 1s spectra contain two peaks centered at 
285 eV and 286.5 eV. The two unique C 1s chemical environments at 285 eV and 286.6 
eV, revealed by deconvolution and peak fitting of the C 1s spectra, correspond to the CHx 
and alcohol (C-OH) functionalities respectively which are in excellent agreement with the 
molecular structure of D-mannitol. The presence of only one unique chemical environment 
at 532.9 eV in the O 1s spectra confirms that these facets expose only an acidic hydroxyl 
functionality. 
Although the deconvoluted C 1s spectra reveal two unique carbon environments 
corresponding to apolar (CHx ) and polar (C-OH) carbons, the ratio of the polar to apolar 
carbon differs by more than 5 times on facet (011) compared to (120) and (010) as shown 
in Figure 7.4.5. The surface composition also reveals that the (011) surface is the most 
oxygen rich whilst (010) is the least oxygen rich. The atomic percentage of oxygen for 
facet (011), (120) and (010) is 36.1%, 25.5% and 24.6% respectively, which is in excellent 
agreement with the order of hydrophilicity from A  for water and the estimated density of 
‘free’ hydroxyl groups from the crystallographic structure. Both the C 1s and O 1s XP 
spectra confirm the presence of a higher concentration of hydroxyl functionalities on the 
(011) surface, and therefore this facet can be expected to be more polar and acidic. In 
contrast, the (010) facet exposes fewer polar hydroxyl functions resulting in a reduced 
potential for hydrogen bonding interactions. 
It should be noted that although XPS is a surface sensitve technique, the incoming 
X-rays can penetrate microns into the surface. Depending on the kinetic energy of the 
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photoelectrons (also the frequency of the incident X-rays), the escape depth of electrons is 
typically in the range of 5 to 100 Å. A small molecule such as D-mannitol has the longest 
molecular dimension approximately equals 10 Å (the carbon backbone). Hence, electrons 
from consecutive layers of molecules from the surface may still be able to escape upon X-
ray excitation, although they are likely to suffer inelastic scattering and thus energy loss. 
Nevertheless, the current results may be limited by the detection of electrons from inner 
layers of molecules.    
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Figure 7.4.3: C 1s XP spectra of a) facet (010) b) facet (120) and c) facet (011) showing 
the deconvoluted C environments. FWHM of 1.65 eV were employed for all C 1s 
components. 
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Figure 7.4.4: O 1s XP spectra of a) facet (010) b) facet (120) and c) facet (011). FWHM of 
1.92 eV was employed for all O 1s components. 
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Figure 7.4.5: Ratio of surface polar carbon to non-polar carbon for different facets of D-
mannitol crystals as determined from the C 1s XP spectra and the corresponding surface 
atomic % of oxygen. 
 
7.4.2.2 Effects of Surface Methylation on Contact Angles 
 
A  data for diiodomethane measured on silanised macroscopic D-mannitol crystals, 
displayed in Table 7.1 shows a remarkable contrast to the facet-specific wettability on the 
untreated crystals. A  for diiodomethane were almost identical across all three facets at 
approximately 49°. The only difference between the untreated and silanised D-mannitol is 
that abundance of hydroxyl groups could be found on surfaces of the former whereas these 
–OH groups were substituted with –Si(CH3)2 groups on surfaces of the latter. The change 
from facet-specific wettability to an non facet-specific one as seen here can, therefore, be 
solely attributed to the change in surface chemistry, i.e. the surfaces became energetically 
homogeneous upon silanisation with methyl groups. To confirm that no polymorphic or 
crystallinity transition occurred as a result of the silanisation reaction, X-ray powder 
diffraction spectra was obtained on both the macroscopic crystal and powder samples 
(Figure 7.4.6). The X-ray diffraction patterns of all silanised and untreated samples were 
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compared to the theoretical patterns of polymorphs of D-mannitol generated using single 
crystal data which are displayed in Figure 6.2.3, and both samples were identified as 
anhydrous β polymorph. Hence, the observed change in surface energetics was not due to 
undesired changes in molecular arrangements in the crystal lattice itself, but purely due to 
surface chemistry induced by silanisation. 
 
8 12 16 20 24 28 32 36 40
2 Theta
Untreated D-mannitol powder
Silanised D-mannitol powder
D-mannitol single crystal
 
Figure 7.4.6: X-ray powder diffraction patterns of single macroscopic crystal, untreated 
and silanised D-mannitol. 
 
7.4.3 Sessile Drop Contact Angle on Single Racemic Ibuprofen Crystals 
 
A  of diiodomethane, water, formamide and ethylene glycol obtained for racemic 
ibuprofen single crystals are shown in Table 7.3. A  of diiodomethane were found to be 
highest at 45.5° on facet (100) and about 36°, approximately 20% lower, on facets (001) 
and (011). Water contact angles showed a large variation over the three facets with the 
highest A  on facet (100), followed by (001) and (011), with the A   40% lower, whereas 
formamide and ethylene glycol contact angles showed similar trends. As reported for other 
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crystalline solids [15, 74, 124], facet-specific wetting behaviour is also observed here for 
ibuprofen crystals. 
 
Table 7.3: A (°) for Specific Crystalline Facets of Ibuprofen Crystals (Standard Deviation, 
n   15) 
Facet (100) (001) (011) 
Diidomethane 45.5  3.0 36.9  3.5 35.0  3.4 
Water 77.2  4.0 68.5  4.8 46.9  5.5 
Formamide 41.3  6.7 19.0  2.5 16.9  1.6 
Ethylene Glycol 70.6  4.3 35.4  5.1 - 
 
The crystallographic structure of racemic ibuprofen facets (100), (001) and (011) 
are shown in Figure 7.4.7. For facets (100) and (001), the carboxylic functionality is not 
available to form hydrogen bonds at the surfaces of these facets. The carboxylic 
functionality forms a pair of hydrogen bonds (by donating and accepting) with an adjacent 
molecule’s carboxylic functionality resulting in the formation of an intermolecular dimer. 
Although this group appears to be closer to the surface at facet (001), this apparent 
proximity did not translate to an enhanced level of hydrophilicity possibly due to the 
presence of very stable dimer complexes which provide no accessible hydrophilic sites.  
Although A  for water on facets (100) and (001) were similar within experimental 
errors, A  for diiodomethane differed. Winn and Docherty [249] calculated the attachment 
energies for various facets of crystalline racemic ibuprofen and reported the lowest value 
for facet (100). This agrees very well with the calculated total surface energies summarised 
in Table 7.6 (Refer to section 7.4.4). Assuming that the two facets had almost identical 
polar components (based on contact angles of water), the difference between these two 
faces is due to dispersive surface energy ( dSV ) variations. The 
d
SV  of facet (100) which is 
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the predicted lowest attachment energy facet, was found to be about 17—21% lower than 
d
SV  for facets (001) and (011). 
The crystallographic structure of facet (011) is shown in Figure 7.4.7. A  for water 
and formamide on this face were found to be lower than for facets (100) and (001). On this 
facet, the carboxylic functionalities do not form hydrogen bonded dimers, and thus may 
contribute to hydrogen bonding interactions at the surface.  
Based on the A  results for water, an order of hydrophilicity for racemic ibuprofen 
crystalline facets can be proposed which is: 
(011) > (001) > (100) 
From the A data for diiodomethane, an order of the van der Waals type of 
interactions for racemic ibuprofen crystalline facets can be proposed:  
(011) = (001) > (100) 
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Figure 7.4.7: Crystallographic structure of racemic ibuprofen showing a) facet (100) b) 
facet (001) and c) facet (011). 
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7.4.4 Surface Energy measured by Contact Angle 
 
The surface energies were determined by the classical Owens-Wendt analysis for all 
macroscopic crystals studied in this thesis. This analysis considers the total surface energy 
to consist of two independent surface energy components; a dispersive, dSV , and a polar, 
p
SV , component as detailed in Chapter 3. Though more contemporary and refined analyses 
exist such as Fowkes and Mostafa [250], van Oss et al. [251] and Chen-Chang [249] where 
the polar interactions are described more appropriately as acid-base interactions which 
include hydrogen bonding, the simplicity and robustness of this classic analysis makes it a 
useful first order model. The surface tension components of the probe liquids in terms of 
Owens-Wendt approach are tabulated in Table 7.4. 
 
Table 7.4: Properties of Probe Liquids for the Determination of Solid-Vapour Surface Free 
Energies (Owens-Wendt) 
Liquid Density 
(kg/m3) 
d
LV  
(mJ/m2) 
p
LV  
(mJ/m2) 
LV  
(mJ/m2) 
Diidomethane 3325 50.8 0.0 50.8 
Water 998 21.8 51.0 72.8 
Formamide 1139 39.0 19.0 58.0 
Ethylene Glycol 1109 29.0 19.0 48.0 
 
Despite its widespread use in pharmaceutical formulations, detailed reports on the 
surface energetic properties of D-mannitol are limited. Saxena et al. [252] applied 
molecular modelling method to predict the surface energies of individual facets of D-
mannitol crystals by evaluating the interaction energies between individual atoms of 
adsorbating molecules and atoms of the molecule orientated on the specific surface. The 
reported dSV  of facet (020) and (110) were 56.2 mJ/m
2 and 55.3 mJ/m2 respectively, 
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without observable difference between the two crystal planes. Although molecular 
modelling provides a mean to elucidate the effects of surface chemistries and molecular 
orientations on surface energetics, reliability of the surface energy data obtained are 
limited to the assumptions in the methodology used to model the interactions between the 
probing molecules and the surface under consideration, without accounting for influence 
due to surface physical conditions, e.g. presence of impurities and adsorbed molecules, 
amorphous regions, topography etc. as well as temperature effects. In this thesis, the 
surface energetics of D-mannitol were obtained experimentally from macroscopic crystals, 
with the dSV , and 
p
SV  calculated directly using A  for diiodomethane and water. The 
calculated results are summarised in Table 7.5 for both untreated and silanised D-mannitol 
single crystals. In the case of untreated D-mannitol, dSV
 and pSV
 depend on the specific 
facets being examined. This result reveals, in an experimental perspective, that an 
crystalline excipient like D-mannitol exhibits facet-specific surface energetics in a similar 
way to crystalline APIs. dSV
 of facet (010) is very similar to (120) whilst facet (011) 
exhibits the lowest dSV . Conversely, 
p
SV
 of facet (011) is the highest whilst facet (010) and 
(120) exhibit similar pSV . Grimsey et al. reported that the facet (010) is the predominant 
slip plane with the lowest attachment energy calculated from computational method [253]. 
This result is consistent with our observations that the preferred cleavage plane is always 
the most hydrophobic facet, i.e. facet (010) in the case of β D-mannitol. Upon silanising 
the crystal, the heterogeneity in dSV
 disappeared (Table 7.5). The value of dSV  across 
various indexed facets was almost identical at approximately 35 mJ/m2, confirming their 
homogeneity in surface chemistry. The value of dSV  was in excellent agreement with the 
d
SV  of polyethylene surface which exhibits similar surface chemistry [48]. 
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Table 7.5: Surface Energy (mJ/m2) for Untreated D-mannitol and Silanised D-mannitol 
using the classical Owens-Wendt Approach 
  Untreated  Silanised 
Facet  d
SV  
p
SV  SV  
p
SV / SV   
d
SV  
(010)  44.1 ± 0.6 12.8 ± 0.3 56.9 ± 0.9 0.23  34.9 
(120)  43.3 ± 0.7 18.6 ± 0.4 61.9 ± 1.1 0.30  34.5 
(011)  39.5 ± 0.4 35.4 ± 0.7 74.9 ± 1.0 0.47  34.9 
 
The calculated surface energies for racemic ibuprofen are tabulated in Table 7.6. 
Facets (100) and (001) possessed almost identical pSV , with facet (100) being marginally 
lower. On the other hand, facet (011) is about twice as polar, confirming the presence and 
contribution of the carboxylic functionality at the specific surface. The results here show 
that (100) and (001) facets have the lowest surface energies and it can, therefore, be 
predicted that these should exhibit the weakest attachment energies, though no modelling 
data currently exist to test this hypothesis. Interestingly, facet (011) is also about twice as 
polar based on pSV  compared to the other two facets, confirming the presence and 
contribution of the carboxylic functionality to that facet’s surface properties.  
 
Table 7.6: Surface Energy (mJ/m2) for Racemic Ibuprofen using the classical Owens-
Wendt Approach 
Facet d
SV  
p
SV  SV  
p
SV / SV  
(100) 33.4  0.5 4.6  0.2 38.0  0.8 0.122 
(001) 42.1  0.6 7.3  0.3 49.4  1.0 0.149 
(011) 40.0  0.6 18.9  0.6 58.9  1.2 0.322 
 
Perlovick et al. [240] applied computer simulation to predict crystal lattice energies 
of racemic ibuprofen using force field models developed by Mayo et al. [254] and 
Gavezzotti et al. [250]. The computed crystal lattice energetic data indicated that the 
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hydrogen bonding interaction energies correspond to between 25% and 32% of the total 
computed lattice energy, with virtually all of the other energies being due to van der Waals 
interactions. The surface energy calculations shown in Table 7.6 give the fraction of 
surface energy due to polar/hydrogen bonding in the range of 12% to 32% of the total 
surface energy, depending upon the facet and form considered. The simple arithmetic 
average of all surface energy due to polar/hydrogen bonding gives a global average of 22% 
which is not inconsistent with the computed lattice energies. 
Although the results of the computational methods correlate usefully with 
experimental contact angle measurements, it may be premature to conclude that the crystal 
lattice energies alone may be directly applicable to predict adhesion and wetting behaviour. 
The value of surface free energy is not only reflective of whether a functional group is 
present, but also its lability and therefore whether the functional group can participate in 
intermolecular interactions. This case is highlighted by the carboxylic groups present close 
to the surface of facet (001) for racemic ibuprofen, as described earlier. This further 
illustrates the importance of surface chemistry, the availabilities of functional groups and 
the orientation of these molecules in the crystal in determining the wetting behaviour of 
organic crystalline solids. 
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7.5 Conclusions 
 
The facet-specific surface energetics and wettability was validated for the first time on 
crystalline pharmaceutical excipient in the example of D-mannitol. The advancing contact 
angles for various crystal facets of β D-mannitol were found to be facet-specific. On those 
facets where hydroxyl functionality is in abundance, a significant hydrophilic behaviour 
was observed. The hydrophilicity order for β D-mannitol was determined as: 
(011) > (120) > (010) 
This was in good agreement with concentration of hydroxyl group distributions determined 
from XPS. Crystal surfaces were found to be become homogeneous after surface chemical 
induced modification by methyl groups. This was confirmed by sessile contact angle 
experiments. 
The contact angle measurements using water, diiodomethane, formamide and 
ethylene glycol for racemic ibuprofen single crystals, at specific crystalline facets, are also 
reported, and the wettability of ibuprofen single crystals was also found to be facet-specific. 
A  of water differs by up to 40% for various specific crystal facets. On those facets where 
the carboxylic functionality is able to form hydrogen bonds, a significant hydrophilic 
behaviour was observed. The hydrophilicity order for racemic ibuprofen as determined by 
contact angles with water are:   
(011) > (001) > (100) 
A  of diiodomethane on facets for racemic ibuprofen and S-(+)-ibuprofen were similar. 
Overall, the portions of the surface energy ascribed to hydrogen bonding based, on 
calculated surface energies are, on average, consistent to those predicted by computational 
modelling of the hydrogen bonding component of lattice energies. 
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 From the surface energies of their various crystalline facets, D-mannitol is 
significantly more energetic and hydrophilic compared to racemic ibuprofen. The 
wettability of crystalline surface is dependent on the surface chemistry of the particular 
crystal plane. 
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CHAPTER 8 SURFACE ENERGY HETEROGENEITY 
DETERMINATION BY IGC 
 
 
8.1  Introduction 
 
IGC has become a well established source of physicochemical data since its first inception 
in the 1950s – the main reasons being a robust, inexpensive, widely available, sensitive and 
multi-functional technique. In this chapter, the focus is placed on the measurements of 
surface energetics using IGC. A novel approach using this technique in measuring the 
surface energy distributions of particulate solids is described in detail, and is applied in the 
studies of racemic ibuprofen, D-mannitol, silanised D-mannitol and paracetamol. The 
distributions were evaluated and compared with the surface energetics measured with the 
sessile drop technique on macroscopic crystals.  
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8.2  Background 
 
The discovery of chromatography was made by American petroleum chemist David T. 
Day and Russian botanist Mikhail S. Tswett in 1903—1906. Tswett, however, was the first 
to recognise the sequential sorption-desorption interactions of chromatographic process in 
his original experiments in which plant pigments were classified into coloured bands by 
elution with petroleum ether through a bed of powdered calcium carbonate [255]. Since 
then, a highly sophisticated family of chromatographic techniques has evolved for 
physicochemical and analytical studies, involving gas-liquid, gas-solid, liquid-liquid and 
liquid-solid chromatography. 
IGC, the inverse use of gas chromatography (GC) or gas-solid chromatography 
(GSC), was developed in the 1950s, when the focus of physicochemical studies was 
directed towards the derivation of kinetic information and the determination of 
thermodynamic quantities from sorption equilibria [256]. Moreover, most of the earlier 
work was conducted in the characterisation of catalytic materials such as activated carbon, 
alumina and silica. 
IGC is a vapour probe technique which is particularly applicable to powders and 
fibrous materials, and compatible with sample porosity, irregular surface topographies and 
surface inhomogeneity, making it an attractive way of characterising particulate 
pharmaceutical solids. The use of vapour molecules in the study of gas-solid interactions to 
generate physicochemical information offer several advantages including: 
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 Probe molecules can be chosen with the relevant chemical properties and size to suit 
the level and details of surface chemical information required; 
 Samples can be studied under various conditions i.e. pressure, temperature and 
relative humidity; 
 Probe molecules can diffuse into porous materials, meaning that both bulk and 
surface properties can be studied; 
 Surface chemistry at sub-monolayer coverages can be determined using vapour phase 
molecular probes due to their extremely high sensitivity;  
 Both kinetic and thermodynamic data can be derived from vapour sorption equilibria 
data. 
 
When gas molecules (or solute) are injected over a sample solid (stationary phase, 
S) via a carrier gas (mobile phase, M), the distribution of the solute between the stationary 
phase and the mobile phase at that particular temperature and pressure corresponds to 
equilibrium when the solute free energy is at a minimum. The partition coefficient (Unit: 
per unit length), KR, is related to the concentration of solute in the mobile phase (Unit: 
mass/mole per unit area), cM, and that in the stationary phase (Unit: mass/mole per unit 
volume), cS, via: 
 
S
N
M
S
R m
V
c
cK



  (8.1) 
The partition coefficient is also directly related to the mass of the solid sample, mS, the 
specific surface area of the solid, σ, and the net retention volume, VN, which is defined as 
the volume of carrier gas required to elute the injected solute through the column. Both KR 
and VN are indications of the interaction strength between the solute and the solid sample, 
and are therefore of fundamental importance in IGC since, from them, equilibrium sorption 
thermodynamics properties can be determined. These are described in the next section. 
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 One of the thermodynamic properties that is of particular interest in this thesis is 
the surface free energy of surfaces. The development of IGC as a technique to measure 
surface energy and acid/base interactions of surfaces was made by Schultz et al. [100] who 
studied polymers and composite materials. The first use of IGC in the characterisation of 
surface energy of pharmaceutical powders was reported by Ticehurst et al. who 
differentiated chemically and structurally equivalent batches of salbutamol sulphate using 
IGC [257]. Since then, IGC has been employed to study the surface energetics and 
acid/base characteristics of different pharmaceutical systems, including crystalline and 
amorphous solids, to correlate material and process performance, including dissolution, 
granulation, compaction, milling, flowability, mixing, crystallisation and particulate 
adhesion in dry powder inhalation (DPI) formulations. 
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8.3 Theoretical Aspects of IGC 
8.3.1 Pulse Experiments at Different Surface Coverages 
 
Infinite dilution experiments are pulse injection experiments using very small solute 
injection size, typically <0.03 Pinj/P0. This results in a very low surface coverage of the 
adsorbate and is, therefore, termed as adsorption at zero surface coverage. Adsorption 
under these conditions follows the Henry’s Law where the amount of probe molecules 
adsorbed is linearly dependent on the injection concentration. Chromatograms obtained 
under this regime are symmetrical or Gaussian in shape and the retention time, tR, is 
independent of the injection size (Figure 8.3.1 a). Due to the high sensitivity, this regime is 
most ideal for thermodynamic parameters measurements. 
 Experiments where the solute injection concentrations increase beyond the Henry’s 
Law regime are referred to as finite concentrations experiments. The span of the Henry’s 
regime depends on the surface heterogeneity and the probe. Chromatographic peaks under 
the finite concentration regime can show either ‘tailing’ (Figure 8.3.1 b) or ‘fronting’ 
(Figure 8.3.1 c). The retention time, which is affected by the surface chemical environment, 
is also dependent on the injection concentration. In former case, the rate of change in the 
amount adsorbed decreases as a function of partial pressure whereas it increases in the 
latter case. 
Experiments are possible with the frontal technique, in which case the breakthrough 
point of the breakthrough curve corresponds to the retention time. However, since pulse 
experiments are more common in the literature, the frontal technique will not be described 
in details in this section. 
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Figure 8.3.1: IGC chromatograms at a) infinite dilution b) finite concentrations with 
‘tailing’ and c) finite concentrations with ‘fronting’. 
 
8.3.2 Detector 
 
Two commonly employed detectors in gas chromatography are the thermal conductivity 
detector (TCD) and the flame ionisation detector (FID), although the latter is probably the 
most frequently used. 
 The TCD measures the reduction in thermal conductivity of the carrier gas in the 
presence of the analyte and is, therefore, universally suitable for the detection of both 
organic and inorganic vapours. Thermal conductivity is established by measuring the 
heating resistance of a heating filament, and the measured current is compared to a 
reference current in a bridge circuit. However, since the thermal conductivity difference 
between the carrier gas and the analyte is important to the sensitivity of this type of 
detector, carrier gases other than hydrogen and helium (thermal conductivities are 6—10 
times higher than those of organic vapours) are in principle not suitable because the drop in 
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thermal conductivity in the presence of the analyte can be too small (dectection limit: 10-8 
g ml-1 [258]). 
 The FID, on the other hand, is particularly sensitive to all compounds containing C-
C and C-H bonds. The FID measures the change in electric conductivity of a hydrogen 
flame in an electric field when feeding organic compounds (Figure 8.3.2). Vapours from 
the end of the elution column are pyrolysed or fragmented. The pyrolysed components are 
oxidised to form ions according to the following reaction: 
CH·   +   O   →   CHO+   +   e- 
The flow of ions is recorded as a voltage drop across a collecting electrode. The FID has a 
very low detection limit (10-13 g s-1 [258]), but can be slightly insensitive to certain 
functional groups such as amino, alcohol and carbonyl and halogen. Since the TCD is a 
non-destructive detector, both the TCD and FID can be employed together for the 
measurement of column elutents. 
 
 
Figure 8.3.2: Schematic of a flame ionisation detector. 
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8.3.3 Retention Time and Volume Determination 
 
The solute retention time, tR, is the time required for the centre of gravity of the solute band 
to pass completely through the column. In the infinite dilution regime where the 
chromatogram peak is symmetrical with a Gaussian profile, the centre of gravity is at the 
point of maxima of the chromatogram and therefore, tR corresponds to the time taken 
between injection and the peak maximum (Figure 8.3.3). The retention time is a measure 
of the molecular interaction strength between the probe and the solid surface of sample 
packing in the column, and is the key measurement parameter in IGC analysis. The dead 
time, t0, is the time required for a non-adsorbed (KR = 0) solute to pass through the column. 
It is typically determined by methane, but argon, nitrogen and hydrogen are sometimes 
used depending on the adsorbent system. 
 The peak symmetry is an important criterion for the validity of Henry’s Law in the 
infinite dilution regime, and can be measured by η which is defined as the ratio of the rear-
to-front tangent slope via: 
 
b
b
B
F
   (8.2) 
where Fb and Bb are the baseline distances measured from the front and rear tangents, 
respectively, to a vertical line drawn through the peak maximum. It is generally regarded 
that a value of η = 1 ± 0.2 is indicative of a symmetrical peak [256]. 
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Figure 8.3.3: The increase in retention time for increasing n-alkane chain lengths at 
infinite dilution concentration.    
 
The net retention volume, VN, is determined from net retention time via equation 
3.52, and the James-Martin correction factor, j, which corrects the retention time for the 
pressure drop along the column bed, is: 
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where Pin and Pout  are the inlet and outlet pressures respectively.  
 Since VN is dependent on the amount of the stationary phase, the specific retention 
volume referenced to 0°C, 0gV , is sometimes used in place of the net retention volume, 
where: 
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Combining equation 3.52 and 8.4 yields: 
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S
g
15.273
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0   (8.5) 
It is from the net retention volume or the specific retention volume that a range of 
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equilibrium surface thermodynamic properties are derived. 
 
8.3.4 Molecular Surface Area Determination 
 
The determination of thermodynamic properties of the solid requires knowledge in the 
physical properties of the vapour probes, such as molecular cross-sectional area of the 
adsorbed probe, vapour pressure and boiling temperature. For instance, the determination 
of surface energy following the approach of Schultz et al. [100] necessitates the precise 
knowledge of the molecular cross-sectional area of the adsorbed species, am. 
 Various models exist for the theoretical calculations of am of n-alkanes including 
the van der Waals, Redlich–Kwong (R-K), geometric (projection), cylindrical (from liquid 
density data) and spherical (from liquid density data), whereas the molecular surface areas 
from Kiselev and BET methods are experimentally based [259]. The smaller molecular 
cross-sectional areas of molecules determined by the BET and geometric models in 
comparison to other models are probably due to the assumption of negligible interactions 
between the molecules and surface. Hamieh and Schultz [260] concluded that the 
cylindrical and Kiselev models would be best applied at a temperature of 50°C, whilst the 
van der Waals model would obtain more precise results at 80°C and the R-K model which 
takes into account thermal agitation phenomenon is more precise at higher temperatures.  
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Table 8.1: Comparisons of Molecular Cross-Sectional Areas (Å2) of Different n-Alkanes 
from Various Theoretical Models and Empirical Methods 
n-alkane VDW 
[259] 
R-K [259] Geometric 
[259] 
Kiselev 
[260] 
Cylindrical 
[261] 
Spherical 
[261] 
C1 20.8 16.3 7.4 - - - 
C4 41.9 32.8 25.1 - - - 
C5 47.0 36.8 32.9 45.0 39.3 36.4 
C6 52.8 41.3 40.7 51.5 45.5 39.6 
C7 59.2 46.4 48.5 57.0 51.8 42.7 
C8 64.9 50.8 56.3 63.0 58.1 45.7 
C9 69.6 54.5 64.0 69.0 64.4 48.7 
C10 74.4 58.2 71.8 75.0 70.7 51.7 
 
Table 8.2: Comparisons of Molecular Cross-Sectional Areas (Å2) of Some Polar 
Molecules at 47—51°C [260] 
Molecule Synder BET Geometric Spherical  Hamieh 
Dichloromethane 35 27 14 25 42 
Chloroform 43 32 18 29 42 
Ethanol 68 - 21 23 58 
Acetone 36 25 30 27 54 
Acetonitrile 85 28 20 21 68 
Ethyl acetate 48 28 33 33 51 
 
8.3.5 Thermodynamic Relationships 
 
Assuming the vapour probe behaves as an ideal gas, the partition coefficient KR, can be 
related to the surface excess Γ, partial pressure P and temperature T, as follows: 
 
P
RTK R

  (8.6) 
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From equation 3.56, the surface excess is:  
 
RT
e  (8.7) 
Therefore, it follows that in the standard adsorption state: 
 
S
e
R P
K   (8.8) 
whereby PS is the adsorbate vapour pressure in the standard adsorption state. 
The standard Gibbs free energy change associated with the isothermal adsorption 
and desorption per mole of molecules, respectively expressed as 0adG  and 
0
deG , from the 
standard gaseous state to a standard adsorption state is: 
 
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where PG is the adsorbate vapour pressure in the standard gaseous state (or P0). 
Rearranging Equation 8.1 and inserting into Equation 8.9 gives: 
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Equation 8.10 can be further simplified to: 
 .ln 1
00 CVRTGG Nadde   (8.11) 
 .ln 2
00 CKRTGG Radde   (8.12) 
where C1 and C2 are different constants comprising of the mass of the adsorbent phase mS, 
the specific surface area of the adsorbent σ, the saturation pressure at standard conditions 
PG, the equilibrium spreading pressure of the adsorbent πe.  
Using van Hoff’s relation, the standard enthalpy change of adsorption, 0adH , can 
be obtained by measuring the VN  at a range of experimental temperatures: 
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And the standard entropy change of adsorption, 0adS , is related to the enthalpy and free 
energy terms by: 
 000 adadad STHG   (8.14) 
The evaluation of surface energy is based on the relationship between the Gibbs 
free energy of adsorption and the work of adhesion as described in Equation 3.53. In the 
Schultz approach [100], the dispersive surface energy, dSV , can be calculated as depicted 
in Figure 8.3.4 a. In the an alternative approach by Dorris and Gray [262], the dSV  can be 
determined by considering the contribution of a methylene group (-CH2) in the normal 
alkane series to the free energy of adsorption, 0
2CH
G  (Figure 8.3.4 b): 
 2
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2 d
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

 (8.15) 
where 
2CH
a is the surface area occupied by a methylene group (6 Å) and 
2CH
 is the surface 
energy of a methylene group. Both methods produced similar results for polycarbonates 
[263]. 
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Figure 8.3.4: The determination of solid-vapour surface free energy and acid/base free 
energy change of adsorption from a) the Schultz approach [100] and b) the Dorris-Gray 
approach [262].    
 
The polar or acid/base component of Gibbs free energy change of adsorption, 
0
ABG , can also be determined by applying a polar adsorbate such as ethanol. As such, the 
NV  measured now consists of a dispersive as well as polar (acid/base) component, leading 
to higher NV  values when compared with the occurrence of dispersive interactions alone. 
The difference between the alkane regression line and the polar probe equates to 0ABG  
(Figure 8.3.4 a). By measuring the absorbent with polar probes at different temperatures, 
the polar (acid/base) component of 0adH  and  
0
adS  can be determined (Figure 8.3.5 a). 
The values of 0ABH  obtained using various polar probes can then be used to evaluate the 
acid/base characteristics of the solid adsorbent via Gutmann’s equation as described in 
Section 3.3. The acid and base numbers, KA and KB, are obtained from the slope and 
intercept respectively of the plot of */0 ANH AB  versus DN/AN* (Figure 8.3.5 b). 
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Figure 8.3.5: The determination of a) acid/base enthalpy and entropy of adsorption from 
the acid/base free energy of adsorption via temperature variation, and b) the Gutmann’s 
acid and base constants. 
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8.4 Applications of IGC for Pharmaceutical Solids 
8.4.1 Variations Between Batches, Polymorphic and Optical Forms 
 
With the versatility of the IGC technique and its suitability for particulate pharmaceuticals, 
it is not surprising that the interest of IGC in the industry is growing at a relentlessly rate. 
The first application of IGC on pharmaceutical solids appears to be the work of Ticehurst 
et al. in 1994—1996 who differentiated chemically and structurally equivalent batches of 
salbutamol sulphate [257] and α-lactose monohydrate [264].  
IGC has also been used to investigate surface property differences for polymorphic 
forms and racemates. In the work of Tong et al. [265], the dSV  of two polymorphs of 
salmetero xinafoate and a micronised form were examined. The milled sample possessed 
the highest dSV , while the unmilled polymorphs possessed smaller but different values of  
d
SV . Surprisingly, the KA and KB values of the unmilled forms were higher, but the authors 
were unsuccessful in correlating the observed surface properties with the crystallographic 
structure data. In a more successful example, the difference in dispersive and specific 
interactions of DL-mannitol and β polymorph of D-mannitol measured by IGC was related 
to the surface densities of the dispersive and acidic sites via molecular modelling by 
Grimsey et al. [253]. 
 
8.4.2 Amorphous Solids and Glass Transition 
 
The IGC has been used successfully to distinguish crystalline and amorphous content of 
various organic pharmaceutical solids, including the determination of the glass transition 
temperatures and probing the structural relaxation of amorphous solids. The sensitivity of 
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IGC at infinite dilution means that it is able to quantify local surface disorders whereby 
bulk characterisation techniques such as X-ray diffraction, DSC and Raman or FTIR 
spectroscopy are indistinguishable to these subtle changes. 
Newell et al. measured the dSV  of three different lactose batches: crystalline α-
lactose monohydrate, amorphous spray dried lactose and a partially amorphous milled 
form, and the values were 31.2, 37.1 and 41.6 mJ/m2 for the crystalline, amorphous and 
ball milled lactose respectively [73]. The higher dSV  measured for the milled sample was 
suggested to be due to the different orientation and spacing between surface molecules 
resulting in the different energy states. In a physical mix of 99% crystalline and 1% 
amorphous, it was argued that the measured dSV   (31.5 mJ/m
2) was the weighted dSV  
average of the two forms (31.3 mJ/m2). They concluded that such an observation was 
evidence of an amorphous surface and a crystalline bulk for milled lactose samples. In a 
separate study, the increase of relative humidity was found to decrease the dSV  of the 
milled and amorphous form to a value comparable to the crystalline form [266]. 
The effects of micronisation to the dSV  and relative basicity of salbutamol sulphate 
and DL-propranolol hydrochloride were investigated by Feeley et al. [267] and York et al. 
respectively [268]. Both micronised materials were found to possess higher dSV  than the 
unmicronised samples, whereas the acid-base properties were slightly different. It was 
concluded that the change in surface properties was due to preferential cleavage along the 
lowest attachment facet. Ohta and Buckton [269] observed a direct correlation between the 
basicity (KB/KA) and the percentage crystallinity of cefditoren pivoxil from IGC 
measurements. The dependence of dSV  and basicity as a function of % RH was attributed 
to the exposure of basic carbonyl groups on the surface as the crystallinity decreased. 
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The glass transition temperature of amorphous solids can be determined from 
retention volume measurements using IGC. The methodology is based on the principle that 
amorphous materials exhibit very different sorption mechanisms above and below the Tg 
due to changes in the molecular retention mechanism. As an amorphous solid is heated 
through the glass transition region, the glassy and rubbery states can coexist. The resulting 
retention mechanism is a combination of surface adsorption and bulk sorption. Below and 
above the glass transition regions, where glassy and rubbery state predominate respectively, 
the retention mechanism is by surface adsorption and a combination of both respectively. 
The variation in Vg as a function of temperature can, therefore, be used to determine the 
onset of Tg [270]. 
The Tg of amorphous sucrose and co-lyophilised sucrose-PVP mixtures were 
investigated by Surana et al. [270] using IGC and compared with results obtained from 
DSC. Tg’s at 0% RH obtained by IGC were found to be in good agreement with those 
determined using DSC [271]. As the relative humidity increased, a progressive decrease in 
Tg was measured as a result of the plasticising effect of water. The predicted Tg values of 
the plasticised materials were in very good agreement with those determined 
experimentally using IGC. 
In a more recent study, Hasegawa et al. [272] have used IGC to examine the 
surface structural relaxation of an IMC-PVP dispersion below the Tg by monitoring the 
retention volume of decane over time. The decrease in VN was attributed to the surface 
structural relaxation of the dispersion system. The rate of decrease was used to estimate the 
relaxation parameter,  , from the Kohlraush-Williams-Watts equation which was smaller 
for IGC than those obtained from DSC. It was, therefore, concluded that the structural 
relaxation happened faster at the surface than in the bulk. 
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8.4.3 Crystal Habits 
 
Recrystallisation of crystalline materials from solutions can result in various forms of 
crystal shapes or habits. Storey investigated the surface properties of ibuprofen 
recrystallised from methanol, acetonitrile and hexane by IGC. Both the dSV  and acid-base 
surface properties were found to be dependent on the crystal habit [273].  
Paracetamol crystals grown from methanol and acetone also resulted in prismatic 
and planar habit respectively. Although the dSV  were found to be similar, these crystals 
possessed different KA and KB  based on IGC studies [86]. It is expected that the facet (201) 
is dominant in the planar habit, and hence will exhibit more basic property due to the 
presence of carbonyl functionalities. These studies show that surface property variations in 
crystalline habits were distinguishable by IGC. 
 
8.4.4 Surface Properties and Powder Processing  
 
Apart from the applications as described above, IGC has also been used to measure 
process-related changes in surface properties, and to access the performance of drug 
delivery systems as well as performance of powder processes such as compaction and 
granulation. 
The performance of dry powder inhalation (DPI) formulations was examined by 
Tong et al. [274] who investigated the relative influence of drug-drug cohesion and drug-
carrier adhesion on the in vitro performance of salmeterol xinafoate (drug) with lactose 
(carrier) by measuring surface energies and solubility parameters of the components using 
IGC at infinite dilution. The inhaler performance of salmeterol xinafoate was found to 
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improve significantly if the drug-carrier adhesion was stronger than drug-drug cohesion. 
Cline and Dalby [275], using IGC, similarly observed that increasing surface interaction 
between drug and carrier resulted in an improved fine particle fraction of the drug.  
 In a separate study into the suspension stability of pressurised metered dose inhalers 
(pMDIs), Triani et al. investigated the surface properties of salbutamol sulphate, 
budensonite and formoterol fumarate dihydrate in a model propellant, using both AFM and 
IGC. The authors suggested that polar contributions to SV  may be more crucial in 
determining the stability of these suspensions [276].  
The effects of milling on the surface properties of paracetamol was investigated by 
Heng et al. [18]. It is expected that the crystal will cleave along the cleavage plane upon 
milling with increasing tendency as particle size is reduced. IGC experiments were 
performed on unmilled and milled samples of paracetamol crystals of various size fractions. 
An increase of dSV  with decreasing particle size was detected, representing an increased 
dominance of the weakest attachment energy facet. On the other hand, the dSV
 for the 
unmilled fractions was found to be independent of particle size and was reflective of the 
surface energies of the external facet. 
The effect of primary particle surface energy in fluidised bed wet granulation was 
studied by Thielmann et al. [71], in which the hydrophobic particles were found to grow to 
larger sizes compared to the hydrophilic particles. Dispersive and non-dispersive surface 
energies of the particles, measured by IGC pre- and post- granulation, revealed that a thin 
binder coating layer was present on the surface of the hydrophilic particles after 
granulation. It was suggested that the thin binder layer was not able to dissipate the kinetic 
energy of granules during impact, resulting in a certain critical granule size. 
Fichtner et al. have recently studied the effect of surface energy on the 
compactability of amorphous spray dried lactose, with or without a low proportion of 
  208 
 
 
surfactant, by measuring dSV , KA and KB  using IGC [277]. The compactability (the 
evolution of tablet tensile strength and compaction pressure) and dSV  was found to be 
dependent on the composition of powders. At constant tablet porosities, the decrease of 
tablet strength was due to the decrease in powder surface energy. The authors concluded 
that the strength of bonding forces between particle contacts is controlled by surface 
energy, which in turn, can be altered by the presence of surfactants. 
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8.5  Existing Methodologies for Energy Distribution 
 
The determination of the dispersive surface energy, dSV , and acid-base adsorption energy, 
0
ABG , as well as the basic and acidic properties of the solid samples are well documented 
[18, 246]. The usual procedure of measuring surface energies by IGC is at infinite dilution 
where very small concentrations of probe vapours are injected. This experimental method, 
however, can be criticised by the fact that it only characterises the higher energy sites of 
the solid surface because these small concentrations of adsorbates are thought to 
preferentially interact with the higher energy sites on the surface and therefore, the 
interaction with lower energy sites of the adsorbent would be limited, if not excluded [278]. 
As a result, this upper limit estimate may not be representative of the whole surface and 
may yet be incomparable to the surface energetic information measured by contact angle 
when the energy is expressed as an average of the probed area or surface sites. 
As we have seen in Chapter 7, pharmaceutical solid surfaces are fundamentally 
inhomogeneous. The possibility to characterise the surface energy heterogeneity profile of 
a surface by IGC was recognised in the 1970s. Different approaches to characterise energy 
heterogeneity have been described, and are generally categorised into pressure or 
temperature dependent adsorption and desorption methods [279]. The former method 
results in either an adsorption energy distribution [280] or adsorption potential distribution 
[279, 281], whereas the latter leads to a desorption energy distribution. Rudzinski and 
Everett [282] and Jaroniec and Madey [16] have published extensive reviews on the 
determination of surface heterogeneity from adsorption measurements.   
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8.5.1 Adsorption Energy Distribution 
 
All approaches on the adorption energy distribution described in the literature are based on 
a physical model which assumes that an energetically heterogenous surface consists of a 
continuous distribution of adsorption energies and may be described as a superposition of a 
series of homogenous adsorption patches. In this model, the surface coverage, n/nm, is 
given by the integral equation: 
  


dPPnn Lm
max
min
)(),()(/         For constant T          (8.16) 
where θL is the local adsorption isotherm, ∈ is the adsorption energy of a site and ϰ is the 
continuous adsorption energy distribution function. Since the equation has no general 
solution, solving the equation is not a trivial task from a mathematics viewpoint, and relies 
on complex mathematical model and computer simulations. The task of solving the 
equation is additionally magnified by its ‘ill-posed’ nature, meaning that small variation in 
the experimental data will cause a large variation in the energy distribution function [280]. 
Since the distribution function ϰ(∈) is a quantitative description of energetic heterogeneity 
characterising the solid surface, extensive efforts have been contributed in solving 
Equation 8.16 with respect to ϰ(∈). In Equation 8.16, only the experimental (global) 
isotherm is known, the choice of local isotherm, θL (∈, P, T) has to be chosen according to 
the physical hypothesis describing the interactions between the probe and the adsorbent, 
and neighbouring molecules. The energy distribution function ϰ(∈) is, therefore, dependent 
strongly on the choice of this local isotherm. Various methods, which have been reviewed 
extensively by Balard [280], have been proposed to describe the energy distribution 
function.  
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The first category of methods ascribes a given analytical form to ϰ(∈), but many 
authors who tried to develop solution methods failed to consider the shape of the 
distribution function. The second category of methods relies on numerical solutions by 
discretising ϰ(∈) and evaluating at a number of nodes. However, the degree of 
regularisation which is controlled by the smoothing parameter contributes to a subjective 
character in the analysis method. The third category of methods is by solving Equation 
8.16 using local isotherm approximations such as condensation approximation which has 
many known limitations. The final category of methods relies on the interrelationship 
between the Fourier transform of ϰ(∈) to that of the experimental isotherm and the local 
isotherm.  
Although the considerable developments have been made in trying to solve the 
integral equation, it is conceded that the method will not allow the attainment of the actual 
distribution function, rather providing fingerprints that can only be used for comparisons 
between different materials. The probe-specific nature of the calculated distribution 
function is a major imperfection of the adsorption energy distribution method. Sacchetti 
[283] has reported the use of the discretisation approach in the analysis of surface energy 
heterogeneity of α-lactose monohydrate, probably the only description of the adsorption 
energy distribution of organic pharmaceutical compounds.  
 
8.5.2 Adsorption Potential Distribution 
 
From the adsorption isotherm, the adsorption potential, A, can be related to the equilibrium 
partial pressure, P, the saturation pressure, P0, and the column temperature, T, via: 
  212 
 
 
 






P
PRT 0ln           (8.17) 
The adsorption potential distribution, Xn, is obtained from the first derivative of the 
characteristic adsorption curve which is the plot of the amount adsorbed n against the 
adsorption potential A. 
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The adsorption potential distribution can be normalised by dividing equation 8.17 by the 
monolayer capacity. The approach of adsorption potential distribution was reported to be 
less affected by experimental variations, produce more reliable results and is much simpler 
[99]. Nevertheless, the validity of the adsorption potential distribution relies on the 
assumption of physisorption interaction between the probe and the surface site [99]. 
Molecules, such as some polar probes, adsorb via a reversible or irreversible chemisorption, 
leading to a slow desorption or non-desorption of the probes.  
 
8.5.3 Desorption Energy Distribution 
 
In the case of reversible chemisorption, the surface heterogeneity can be determined by 
combining IGC with thermal desorption methods in the so-called temperature programmed 
desorption (TPD) technique, in which a sample is heated with a defined heating rate and 
the partial pressure and amount of the desorbed molecules are measured. Although from 
the desorption profile (or TPD spectrum) one can obtain the surface heterogeneity of the 
sample, in reality the quantitative interpretation of the desorption profiles is difficult due to 
diffusion and readsorption effects on the overall rate of desorption [284].  
The characterisation of the desorption energy distribution is based on the first linear 
Fredholm equation, similar to the integral equation given in Equation 8.16 and the 
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desorption distribution function is calculated as a kernel by the inversion of the integral 
equation [285]. The solution of this ‘ill-posed’ problem again requires extensive computing 
algorithm, which has been mainly applied in the studies of catalysts [285-287]. 
In comparison between the temperature and pressure method in the characterisation 
of surface heterogeneity, the former is more suitable for highly energetic surfaces, while 
the latter method is more appropriate for less energetic surfaces and also more sensitive to 
surface with smaller differences between energy levels. Though these methods can lead to 
a distribution of surface heterogeneity, the interactions of the adsorbing molecules with 
surface sites depend on the chemical nature of the probes and thus, these methods only 
provide information concerning the ‘relative’ heterogeneity which can only be used as 
fingerprints for comparisons between different materials. Until now, there has been little 
emphasis on the characterisation of the surface energy heterogeneity of pharmaceutical or 
organic materials. The significance of surface energy heterogeneity in pharmaceutical 
formulation and processing will be illustrated in the chapter 9 and 10. 
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8.6 Surface Free Energy Distributions: A Novel Method 
 
This section describes a new methodology to measure the surface energy heterogeneity of 
particulate materials. The advantage of this new approach not only stems from the fact that 
it contains fewer drawbacks compared to the other existing methodologies described in 
Section 8.5, but it also permits the attainment of the explicit dSV  distribution from 
adsorption data using IGC.   
The distribution of dSV  of the sample is determined by injecting a series of 
concentration (pulse) of n-alkanes into the elution column, packed with the solid adsorbent 
of interest, from a low partial pressure up to saturation vapour pressure in the finite 
concentration regime. The aim of this initial step is to determine the adsorption isotherms 
of a range of n-alkanes using the IGC at finite concentrations. A detailed description of the 
determination of adsorption isotherms by IGC-FC is given by Cremer and Huber [288]. 
Generally, two methods can be distinguished for adsorption isotherm calculation from IGC 
elution chromatograms: the peak maximum method (PM) and the elution of a characteristic 
point (ECP) method (Figure 8.6.1). In the PM method, an increasing concentration 
(injected partial pressure) of probe vapour is injected and the equilibrium partial pressure 
for each single concentration is measured from the peak maximum of each chromatogram. 
In the ECP method, it is assumed that the maximums of each individual peaks from single 
injections coincides with the rear of the chromatogram produced by the highest injection 
concentration. Although the ECP method is experimentally faster because the isotherm is 
calculated from the chromatogram of only the highest injection concentration, this assumes 
that the rear of the chromatogram is entirely due to sorption effects, neglecting the gas 
phase diffusion effect which may deviate the ECP calculations from those resulting from 
the PM method.  
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 The equilibrium partial pressure, P, for each concentration of vapour in the column 
can be calculated from the chromatogram shape via: 
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T
V
AF
hP 


15.273  (8.19) 
where hc is the chromatogram peak height, Ac is the chromatogram peak area, VLoop is the 
injection loop volume, TLoop is the injection loop temperature and  Pinj is partial pressure of 
the probe at injection loop. The corresponding retention volume, VN, for each injection 
concentration can be determined as usual via Equation 3.52. The adsorption isotherm can 
then be obtained by integrating VN  with respect to P: 
 
dP
RT
V
m
n N
S

1  (8.20) 
 
 
Figure 8.6.1: Schematic of a) the PM method and b) the ECP method. 
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In order to determine the surface energy distribution, the retention volumes must be 
corrected to their corresponding surface coverage, θc. By assuming the alkanes or weakly 
polar probes absorbed in a Type E adsorption mechanism (Figure 3.3.2), the BET model 
can be applied to determine the monolayer capacity, nm, from Equation 8.21 providing that 
the specific surface area of the sample, SSABET, is known:  
 mAmBET nNaSSA   (8.21) 
The BET specific surface area of the sample can be calculated from one of the alkane 
isotherms or determined separately in other standard technique, for instance nitrogen 
adsorption. Although adsorption mechanism of pharmaceutical solids are predominantly 
Type E, the measurement of a complete adsorption and desorption profile using standard 
technique such as nitrogen will provide added assurance on the applicability of the BET 
model. From the monolayer capacity, the corresponding surface coverage, n/nm or θc, at 
each injection concentration can now be measured from the amount adsorbed n. The whole 
process is repeated for a range of other n-alkanes.  
The retention volumes obtained from measurements at different concentrations are 
now corrected for their corresponding surface coverages, the solid-vapour surface energy 
can be determined at a number of isoteres, i.e. diferent surface coverages, by applying the 
Schultz approach to calculate the dSV  values, thereby resulting in a distribution of 
d
SV  as a 
function of surface coverage. Similarly for a polar probe, the distribution of the polar (acid-
base) Gibbs free energy change of adsorption, 0ABG , can be calculated. The overall 
methodology is summarised in Figure 8.6.2.  
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Figure 8.6.2: Summary of surface energy distribution determination. 
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8.7 Experimental Section 
 
8.7.1 Materials 
 
D-mannitol (Ph Eur Pearlitol® 160C, Roquette, France) and racemic ibuprofen (Shasun, 
London, U.K.) were used without further purification. Silanised D-mannitol (Chapter 6), 
untreated D-mannitol, racemic ibuprofen powders from the 75—180 µm sieve fraction 
were obtained by sieving the powders separately using a test sieve shaker. Paracetamol 
(98% Sigma-Aldrich, St. Louis, MO) was recrystallised from methanol solution at room 
temperature. The crystals were filtered and dried at room temperature, before being gently 
milled using a mortar and pestle. The milled paracetamol powders were then sieved to 
obtain a 75—180 µm sieve fraction.   
 
8.7.2  Inverse Gas Chromatography 
 
IGC experiments were conducted using an iGC 2000 (Surface Measurement Systems, 
London, U.K.) with a flame ionisation detector. Silanised D-mannitol, untreated D-
mannitol, racemic ibuprofen and paracetamol powder from the 75—180 µm sieve cut were 
packed into separate standard pre-silanised columns (300 × 4 mm ID) with silanised glass 
wool at each end to prevent powder bed movement. Columns were filled with 1.6—2.0 g 
of material and then conditioned in-situ in the iGC with helium purge at 20 standard cubic 
centimetres per min (sccm) for 2 hrs at 303 K to remove physisorbed water. Following pre-
treatment, pulse injections using a 0.25 ml gas loop at 303 K were performed. A series of 
purely dispersive n-alkane vapour probes (undecane, decane, nonane, octane, heptane 
where appropriate) (HPLC grade, Sigma-Aldrich, Poole, U.K.) were injected at 0.03, 0.05, 
0.10, 0.25, 0.50, 0.60, 0.70, 0.80 and 0.95 Pinj/P0 to determine the adsorption isotherms, 
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and specific retention volumes, gV , were determined using peak maximum method. 
Ethanol (99.7—100%v/v, Merck KGaA, Darmstadt, Germany) was injected at the same 
series of concentrations to determine non-dispersive interactions. Methane gas was injected 
at 0.10 Pinj /P0  to determine column dead time. Helium, at a flow rate of 10 sccm, was used 
as the carrier gas for all injections. gV  and adsorption isotherms were calculated using 
SMS-iGC Analysis Macros (version 1.2, Surface Measurement Systems, London, U.K.).  
 
8.7.3 Specific Surface Area 
 
The Brunauer-Emmett-Teller (BET) surface area was determined from nitrogen adsorption 
isotherms using a fully automated surface area analyser Tristar 3000 (Micromeritics, 
Norcross, GA). Approximately 3—4 g of samples were pre-conditioned with helium purge 
at 60°C for at least 4 hrs prior to measurement, apart from the racemic ibuprofen which is 
purged at 40°C. 
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8.8 Results and Discussion 
8.8.1 Racemic Ibuprofen 
 
Figure 8.8.1 illustrates Vg versus n/nm for the racemic ibuprofen sample. It can be noticed 
that Vg for different vapour probes are almost constant, within experimental errors, with 
increasing surface coverage. The trends in the retention volumes observed here are very 
different from those of the α-lactose samples recently reported by Thielmann et al. [289]. It 
is generally recognised that real solid material may exhibit broad surface energy 
distributions which can be due to presence of impurities, different types of crystal facets, 
growth steps, crystal edges, surface pores, local degree of crystallinity and surface 
functional groups [16, 290]. A hydrophilic excipient such as crystalline lactose has 
multiple facets and may also possess amorphous domains due to processing conditions 
such as milling [291], therefore it is plausible that the surface energy of such materials is 
heterogeneous. Similarly, racemic ibuprofen with facet-specific crystal surface energies as 
reported in Chapter 7 would also be expected to exhibit some level of heterogeneity, but 
interestingly dSV  profile for racemic ibuprofen was found here to be relatively 
homogeneous. The negligible change in NV  with increasing coverage implies a relatively 
constant dSV . The 
d
SV  distribution is displayed in Figure 8.8.2. 
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Figure 8.8.1: Specific retention volume against fractional surface coverage for racemic 
ibuprofen. 
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Figure 8.8.2: Dispersive surface energy distribution for racemic ibuprofen. 
 
For racemic ibuprofen, over 97% of the surface has a dSV  of approximately 33 mJ/m
2. It is 
interesting to note, also, that the dSV  value measured by IGC closely resembles that of the 
crystal facet with the lowest dSV , i.e. facet (100) as obtained via contact angle 
measurements reported in Chapter 7. Although our contact angle studies showed that dSV  
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on various indexed crystal facets are different, these have not been translated to the overall 
surface energy profiles for particulate ibuprofen. One could propose that the percentage of 
higher energy sites was below 3—4% of the total surface for both materials, and was 
outside the detection limit of the current experimental methodology. Or possibly, that the 
powders tested in the current study possess a very large fraction of the lowest dSV  facets 
due to minimisation of surface energies as a result of crystallisation, as postulated by 
Gibbs’ theorem for crystal growth [292].  
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Figure 8.8.3: Distribution of acid/base Gibbs free energy of adsorption (ethanol) for 
racemic ibuprofen. 
 
The polar interactions of a powder sample can be characterised by IGC using a 
polar adsorbate such as ethanol. If the sample is capable of dispersive and polar 
interactions, the adsorption of polar adsorbate gives rise to an additional interaction term, 
and hence the Vg can be considered to consist of a dispersive as well as a polar component. 
The specific free energy of desorption can then be determined from Vg. The distribution 
profile of 0ABG
 (ethanol) for racemic ibuprofen is shown in Figure 8.8.3. The 
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heterogeneity in 0ABG
 is relatively more pronounced than that in dSV  as mentioned above 
which is to be expected by stronger, more specific adsorption processes.  
 
8.8.2  Untreated and Silanised D-mannitol 
 
A comparison of the relationship between gV  and surface coverage for all alkane probes 
are shown in Figure 8.8.4 and Figure 8.8.5 respectively for untreated D-mannitol and 
silanised D-mannitol. As a heterogeneous crystalline excipient, the retention volume of D-
mannitol decreased with increasing surface coverage, because the interaction between the 
alkane probes and less energetic sites at high surface coverage would be weaker. This is in 
contrary to the trend of the curve as obtained with racemic ibuprofen. For surface silanised 
D-mannitol, this trend in retention volumes disappeared, suggesting that the surface was 
energetically homogeneous.  
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Figure 8.8.4: Specific retention volume against fractional surface coverage for untreated 
D-mannitol. 
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Figure 8.8.5: Specific retention volume against fractional surface coverage for silanised 
D-mannitol. 
 
The dSV
 values were calculated at surface coverages where the gV  for all alkane 
probes are present. The regression coefficient, R2, obtained for each dSV  value at each 
surface coverage was higher than 0.999. The resulting dSV  ditributions, displayed in Figure 
8.8.6, show that dSV  varied from approximately 49 mJ/m
2 at 3% surface coverage down to 
approximately 40 mJ/m2 at 12% surface coverage for the untreated sample, whilst dSV  was 
relatively constant at approximately 34 mJ/m2 for the silanised sample. The shift from a 
high and broad energy distribution for untreated D-mannitol to a low and almost 
homogeneous energy distribution for silanised D-mannitol is consistent, within 
experimental errors, with the facet-specific and non facet-specific dSV  measured with 
contact angle on their respective single crystals as shown in Table 7.5. The dSV  determined 
from both IGC and contact angle showed remarkably good agreement: the lowest dSV  
measured for the untreated sample corresponds to the lowest dSV  measured on single 
crystals, i.e. facet (011), and dSV  of facet (120) and (010) both fall within the range of the 
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measured distribution. The ~5% of the untreated D-mannitol surface with a dSV  of 45 
mJ/m2 or higher is likely to be due to the presence of higher energy indexed facets which 
were not accessible with macroscopic crystals grown in the current study. On the other 
hand, the silanised sample revealed a highly homogeneous surface in terms of surface 
energy as a result of chemical modification, and the surface energetics was consistent with 
homogeneity in surface chemistry. 
 
 
Figure 8.8.6: dSV  and 
0
ABG  (ethanol) distributions of untreated and silanised D-mannitol 
powders. 
 
The distribution profiles of 0ABG  with ethanol as probe for untreated and silanised 
D-mannitol is also displayed in Figure 8.8.6. In case of the untreated D-mannitol, the 
interaction between the vapour probe and hydroxyl groups on the surface of the sample is 
much stronger compared to the interaction between the probe and methyl groups on the 
silanised surface, and consequently the acid-base adsorption energy was much higher for 
the untreated sample than silanised sample. 0ABG  for untreated D-mannitol was up to 4.5 
times more than the silanised sample at 3% surface coverage. Similar to their dSV  profiles, 
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the untreated powder sample exhibited heterogeneity in 0ABG  whereas the silanised 
sample showed high uniformity in surface chemistry. Though direct determination of the 
hydrophobicity ( dSV / SV ) of the samples is not possible because 
d
SV  and 
0
ABG  have 
different units, the rank order of hydrophobicity of the two samples can be estimated by 
comparing their 0ABG  to 
d
SV  ratios, and it can be seen that the silanised sample was much 
hydrophobic compared to the untreated sample.  
 
8.8.3 Recrystallised Paracetamol 
 
The dSV  distribution for the 75—180 µm sieve paracetamol from methanol 
recrystallisation is displayed in Figure 8.8.7. Significant dSV  heterogeneity was detected 
below approximately 10% surface coverage. At higher surface coverage, the heterogeneity 
seems to gradually decrease to a value of ~37.5 mJ/m2. Comparing the dSV  profile of 
paracetamol with the untreated D-mannitol, silanised D-mannitol and racemic ibuprofen, 
the dispersive interaction is clearly stronger than silanised D-mannitol and racemic 
ibuprofen, but weaker than untreated D-mannitol. 
 Heng and co-workers [15] reported the facet-specific surface free energy 
components of paracetamol recrystallised from methanol solutions, and these results are re-
printed in Table 8.3. It is expected that the surface energy heterogeneity of recrystallised 
paracetamol (from methanol) would primarily come from the internal facet (010) due to 
the similarity in dSV  for all external crystal facets. As the paracetamol used in the present 
thesis was subject to gentle milling prior to surface analysis, it can be argued that the dSV  
heterogeneity below the 10% surface coverage is mainly attributed to the exposure of facet 
(010) or crystal defects as a result of the size reduction process. The slight difference in 
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d
SV  values from those reported by Heng et al. is speculated to be the result of dissimilar 
crystallisation conditions, solvent purity or surface topography. 
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Figure 8.8.7: dSV  distributions of recrystallised paracetamol from methanol. 
 
 
Table 8.3: Surface Energy (mJ/m2) for Recrystallised Paracetamol from Methanol using 
the classical Owens-Wendt Approach [15] 
Facet d
SV  
p
SV  SV  
p
SV / SV  
(201) 34.9 27.5 62.4 0.44 
(001) 34.4 38.0 72.4 0.53 
(011) 33.9 32.7 66.5 0.49 
(110) 34.2 20.2 54.4 0.37 
(010) 45.1 7.0 52.1 0.13 
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8.9 Conclusions 
 
It is concluded that the advanced FC-IGC is a powerful new methodology for 
characterising solids with different surface properties as demonstrated in the case of 
untreated D-mannitol (heterogeneous surface) and silanised D-mannitol (homogeneous 
surface), and allows the quantification of the surface energetics and wetting properties of 
complex organic solids.  
The homogenous energy distribution for silanised D-mannitol can be attributed to 
the regularity in surface chemistry due to silanisation reaction which reduced dSV  and 
0
ABG  of the surfaces, but was not due to a bulk change in crystallographic structure 
(Chapter 7). From both the measured contact angle polarity and IGC dSV  and 
0
ABG  
profiles, silanised D-mannitol samples were much more hydrophobic compared to 
untreated D-mannitol surfaces. In the case of racemic ibuprofen, the findings suggested 
that the dSV  results are comparable to those obtained from the direct wetting measurements 
using contact angle. IGC also showed that these commercial powder is relatively 
homogeneous with the suggestion that one crystal facet dominated a majority of total 
external surface. From the dSV  distributions, an order of van der Waals type of interactions 
for the model materials can be proposed: 
Untreated D-mannitol > Recrystallised paracetamol >  
> Racemic ibuprofen ≈ Silanised D-mannitol 
 
Both contact angle and IGC were shown to be able to determine detailed surface 
energy distributions and distinguish energetic heterogeneity and homogeneity of 
pharmaceutical solids, reflecting the surface chemical environment.  
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CHAPTER 9 EFFECTS OF CRYSTAL HABIT ON SURFACE 
ENERGY HETEROGENEITY 
 
9.1 Introduction 
 
Crystals of the same polymorph may exhibit a variety of habits depending on the relative 
growth rates of individual facets which are dependent upon a number of factors as 
described in Chapter 2. The habit of crystals not only plays a key role in their powder 
behaviour and physicochemical properties such as wettability, mechanical strength, 
dispersibility in suspensions, flowability and bulk density [21], but also their ease of 
processing and manufacturing, for instance, in compaction [236] and milling operations 
[293]. In the case of solid-state pharmaceuticals, the crystal habits also determine the 
solubility rates [114], drug delivery performance of the active ingredient in inhaled 
formulations [294], and the bioavailabilities of active ingredients [295]. 
From Chapters 7 and 8, we have seen that the surface properties of crystalline organic 
solids (both APIs and excipients) are facet-specific, with the surface energetics directly 
related to the localised chemical functionality. This leads to the expectation that differing 
crystallisation conditions and/or secondary processing operations, e.g. milling, may result 
in the exposure of crystal facets or surface regions with dissimilar surface properties. Heng 
et al. observed that the increase in dispersive surface energy, dSV , of paracetamol when the 
crystals are milled is attributed to the preferential exposure of the cleverage plane (010) 
which consists of higher dSV  [18]. For this reason, the crystal habit is an important 
determinant on the wetting behaviour of a sample batch, because this behaviour is 
influenced by the relative exposure of various indexed facets in the sample. More 
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importantly, the overall surface chemistry of a crystalline solid is not just a reflection of the 
various crystal facets, but also the unique combination of the surface conditions.  
Although the use of a single value average may provide first order estimation of the 
surface properties of the material, it may be inadequate to differentiate batch-to-batch 
variations which are, sometimes, undetectable by conventional techniques. In the work of 
Thielmann and co-workers [289] on different processed lactose particles, the dSV  of milled 
lactose was highest at low surface coverage, but for a majority of surfaces, the dSV  values 
were lower compared to untreated and recrystallised lactoses. This result further reinforces 
the importance of surface energy distributions. More importantly, the ability to quantify the 
compositions of different energy sites or facet-dependent surface energy can be extremely 
useful in the more accurate prediction of processing and formulation behaviour, for 
instance, in the aerosolisation performance in inhaler formulations [296], and the cohesion-
adhesion balance between drug and excipient in mixing [69]. 
In this chapter, the sensitivity of the novel approach involving inverse gas 
chromatograph (IGC) at finite concentration was examined by quantifying subtle 
differences in surface energy due to crystal habits. D-mannitol is the subject of the 
investigation, and the variation in dSV  due to changes in its crystal habit was investigated. 
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9.2 Dynamic Image Analysis (DIA) 
 
Traditional methods of shape analysis would typically employ a form of static microscopy, 
being either optical or electron. With such techniques, due to the low number of particles 
imaged (typically <100 particles), data interpretations are highly subjective and prone to 
effects of specific orientation of the particles. Laser diffraction instruments have been used 
to obtain shape information, but these experiments are still premature for commercial 
implementation [297]. With the advances in automated image analysis instrumentations, 
such as DIA in which the two-dimensional images of particles are captured in a fast 
moving air or liquid stream by a high-speed digital camera, both the particle size and shape 
can be measured with versatility and high reproducibility. In this study, the crystal habits 
of the particles are described in a reliable and statistically robust manner, due to the fact 
that DIA involves the measurement of several million crystals per batch in a random 
orientation. The direct relationship between crystal habit of D-mannitol as measured by the 
DIA technique and its surface energy heterogeneity is examined. 
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9.3 Experimental Section 
 
9.3.1 Materials 
 
D-mannitol (Ph Eur Pearlitol® 160C, Roquette, France) was used without further 
purification. The material was sieved using a base pan and 75, 180, 250 and 425 µm 
stainless steel test sieves (Pascall Engineering, Suffolk, U.K.) to obtain four sieve fractions 
(<75 µm, 75—180 µm, 180—250 µm and 250—425 µm) for dSV , BET surface area, 
particle size and morphology analyses. 
 
9.3.2 Inverse Gas Chromatography (IGC) 
 
IGC experiments were conducted using an iGC 2000 (Surface Measurement Systems, 
London, U.K.) with a flame ionisation detector. Each sieve fraction of D-mannitol was 
packed into separate standard pre-silanised columns (300 × 4 mm ID) with silanised glass 
wool at each end to prevent powder movement. Columns were filled with 2.2—2.4 g of 
material and then conditioned in-situ in the iGC with helium for 2 hrs at 303 K to remove 
any physisorbed water. Following pre-treatment, pulse injections using a 0.25 ml gas loop 
at 303 K were performed. A series of purely dispersive n-alkane vapour probes (decane, 
nonane, octane, heptane) (HPLC grade, Sigma-Aldrich, Poole, U.K.) were injected at 0.03, 
0.05, 0.10, 0.25, 0.50, 0.60, 0.70, 0.80 and 0.95 Pinj/P0 to determine the adsorption 
isotherms, and net retention volumes were determined using peak maximum analysis. 
Methane gas was injected at 0.10 Pinj/P0 to determine column dead time. Helium, at a flow 
rate of 10 sccm, was used as the carrier gas for all injections. gV  and adsorption isotherms 
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were calculated using SMS-iGC Analysis Macros (version 1.2, Surface Measurement 
Systems, London, U.K.). 
 
9.3.3 Surface Area Analysis 
 
The Brunauer-Emmett-Teller (BET) surface area was determined from nitrogen adsorption 
isotherms using a fully automated surface area analyzer Tristar 3000 (Micromeritics, 
Norcross, GA). Approximately 3—4 g of samples were pre-conditioned with helium purge 
at 60°C for at least 4 hrs prior to measurement. 
 
9.3.4 Particle Size and Morphology Analysis 
 
Particle size and aspect ratio of the samples were measured with a dynamic image analysis 
system QICPIC (Sympatec Ltd, Clausthal-Zellerfeld, Germany) fitted with a dry air 
disperser (RODOS, Sympatec) operating at a pressure of 0.5 bar and dry vibratory feeder 
system (VIBRI, Sympatec). The system operated with a pulsed light source with sub-
nanosecond illumination, and the particles were imaged by a high speed camera with a 
frame rate of 400 fps (frames per second). Images were analysed by the software 
WINDOX (version 5, Sympatec) to obtain maximal Feret diameter density distribution and 
aspect ratio of the feed particles. A minimum of 106 particles per sample were 
characterised and the samples were run in triplicate. 
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9.3.5 SEM Images 
 
SEM images were acquired with a tabletop microscope system TM-1000 (Hitachi, Tokyo, 
Japan) in the charge-up reduction mode.  
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9.4 Results and Discussion 
 
9.4.1 Crystal Habits 
 
The crystal habit of D-mannitol recrystallised from water consist of indexed facets (011), 
(010), (120), (110), and (210) (Figure 6.6.2). Using the same solvent, β crystals of up to 60 
mm length and a cross-section area of approximately 8 mm × 8 mm were successfully 
crystallised from needle seeds by controlled cooling of the solvent in this study as 
described in Chapter 6. (210) and (110) were found to diminish after long growth period, 
suggesting these facets are the fastest growing faces. Although the crystallisation 
conditions for the commercially available test sample used in this work are unknown, 
PXRD analysis ascertained that this sample is the β polymorph (Figure 7.4.6), and also 
exhibits similar crystal habit as reported by Kaminsky and Glazer [206] using SEM. The 
crystal habits of the four sieve fractions of D-mannitol, obtained by SEM, are displayed in 
Figure 9.4.1. 
 
 
 
Figure 9.4.1: SEM images of Pearlitol 160C sieved into 4 different fractions a) <75 µm b) 
75—180 µm c) 180—250 µm and d) 250—425 µm. 
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The surface-area-weighted size distributions (Q2) of the four sieve fractions were 
determined from dynamic image analysis and are displayed in Figure 9.4.2. It can be seen 
that the peak of the distributions shifts to higher particle size as the sieve size increases, 
which is consistent with intuitive expectation. However, it should be noted that sieving 
would classify particles based upon their smallest projected diameter, i.e. the diameter of 
the sieve or the minimal Feret diameter. The maximal Feret diameter may, therefore, be a 
better representation of the particle size in a particular sieve fraction. As such, when 
converting the projected diameter into the maximal Feret diameter in DIA, it is expected 
that some particles larger than the stipulated sieve size will be obtained, as is the case for 
all 4 fractions in Figure 9.4.2. Further analysis of the Q2 size data also indicated that the 
sieving was not efficient enough to remove all particles smaller than the lower sieve size 
for the sieve cuts. 
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Figure 9.4.2: Particle size distributions of D-mannitol weighted by surface area for a) <75 
µm micron sieve fraction b) 75-180 µm sieve fraction c) 180-250 µm sieve fraction and d) 
250-425 µm sieve fraction. 
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The aspect ratio, which is defined as the ratio of the minimal to the maximal Ferret 
diameter of the particle, is a commonly-used shape parameter for needle-shaped crystals 
such as D-mannitol. In order to provide a representative aspect ratio value for a particular 
sieve cut, a frequency-weighted average aspect ratio was calculated for each of the sieve 
cuts by summing the product of average aspect ratio and frequency density for a given size 
class and then normalising for total particle frequency count, as indicated in Equation 9.1. 
The calculated results, together with the measured BET surface area, are listed in Table 9.1. 
 
 
t
xx
f
fARRatioAspectAverage   (9.1) 
where ARx is the average aspect ratio at size class x, fx is the frequency density at size class 
x from the area-weighted size distributions (Q2) and ft is the total frequency density for the 
particular sieve fraction. 
 
Table 9.1: Calculated Average Aspect Ratio and BET Surface Areas of Different Sieve 
Fractions of D-mannitol Determined from Dynamic Image Analysis and Nitrogen 
Adsorption Experiments Respectively 
Sample (µm) 
Average Aspect Ratio (-) 
(Standard deviation, n = 3) 
SSABET  (m2/g) 
(Standard error) 
<75 0.592 (± 0.0009) 0.5267 (± 0.0021) 
75—180 0.547 (± 0.0002) 0.3590 (± 0.0018) 
180—250 0.493 (± 0.0092) 0.1503 (± 0.0014) 
250—425 0.527 (± 0.0016) 0.1297 (± 0.0016) 
 
By analysis of the frequency-weighted aspect ratio (Table 9.1), the average aspect 
ratios for <75 µm, 75—180 µm, 250—425 µm and 180—250 µm sieve fractions are 
respectively 0.592, 0.547, 0.527 and 0.493. Although the BET specific surface area 
decreases as the sieve fraction size increases, the 180—250 µm sieve fraction has the 
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lowest average aspect ratio. From the overall downward trend in the aspect ratio, D-
mannitol crystals seem to elongate along the c-axis of the crystal lattice as particle size 
increases. This increase in elongation is consistent with the crystal habit of D-mannitol 
after continuous growth, although the crystallisation conditions of the commercial sample 
seem to have hindered such growth in the 180—250 mm sieve fraction to a greater extent. 
Though the crystal shape of the four sieve fractions is similar in the way that they are all 
prismatic rods, the difference in their elongation means that the proportion of the different 
crystal faces are not the same. Hence, it should be expected that particles with lower aspect 
ratio should possess a decreasing proportion of the (011) face, but an increasing proportion 
of the (120), (110), (010) and (210) face, if they existed on the native crystals. 
 
9.4.2 Surface Free Energy 
 
In Chapter 7, the dispersive ( dSV ) and polar (
p
SV ) surface energy components of crystal 
face (010), (120) and (011) were determined by contact angle measurements on 
macroscopic size D-mannitol single crystal. The crystal face (011) possesses lower dSV  but 
significantly higher pSV  compared to facet (120) and (010), in agreement with the localised 
surface chemistry of the specific facet from X-ray photoelectron spectroscopic 
measurements. The surface energies were determined using purely dispersive 
diiodomethane and de-ionised water as probe liquids, and then applying Owens-Wendt 
approach [48] for surface energy component analysis.  
The dSV  distributions of the four sieve fractions measured using IGC are shown in 
Figure 9.4.3. dSV  vary generally between 40 and 48 mJ/m
2 from high to low surface 
coverage of the probes. It is not surprising that IGC reveals the surface of D-mannitol 
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containing high degree of heterogeneity which can be attributed to the different facets of 
the crystals, but the dissimilarities in the dSV  heterogeneity profiles can be clearly noticed. 
Although the dispersive surface energies fall within a similar range, the proportion of high 
and low energy surface sites or regions varies considerably across the four samples. 
Considering the low energy region (with dSV  <40 mJ/m
2), this seems to occupy the highest 
proportion of the surface on the smallest particles compared to the larger ones. 
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Figure 9.4.3: dSV  distributions of D-mannitol obtained with different sieve sizes: <75 µm, 
75—180 µm, 180—250 µm and 250—425 µm. 
 
Based on Figure 9.4.3, this region occupied at least approximately 94% of the total 
surface of the smallest particle fraction. However, this percentage decreased in order of 
decreasing particle aspect ratio. Referring to Table 9.1, a decreasing trend in average 
aspect ratios for the <75 µm, 75—180 µm, 250—425 µm and 180—250 µm sieve fractions 
was observed. The decrease in the existence of low energy sites/regions on the sample as 
the particle aspect ratio decreases can be explained by the decrease in the proportion of 
crystal face (011) which was found to possess a dSV  value close to 39.5 mJ/m
2 from 
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contact angle study. The fact that the dSV  distribution is dependent on the aspect ratio, and 
not on particle size nor the BET surface area, further enhances the hypothesis that the 
relative exposure of different crystal facets plays a defining role in overall wettability of 
the sample. The absence of energy regions lower than ~40 mJ/m2 in Figure 9.4.3 indicates 
that face (011) or equivalent might be the lowest dSV  crystal plane. When the higher 
energy region is considered (the surface with dSV  >40 mJ/m
2), the proportion of this higher 
energy surface increases in order of decreasing particle aspect ratio. It is also remarkable 
that the dSV  values of face (120) and (010) determined from contact angle fall within this 
d
SV  range as measured by the IGC. Although the powder sample seemed to contain 
regions with dSV  as high as 48 mJ/m
2, it is speculated that this might represent surface 
energy of crystal faces which have not been able to measure by contact angle. 
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9.5 Conclusions 
 
It has been shown that the facet specific surface energetics for macroscopic crystals of the 
β form of D-mannitol are closely related to the surface energetic profiles for the 
corresponding powdered crystals. The surface energetic heterogeneity can vary 
substantially for the same material with different crystal habits. As the aspect ratio of D-
mannitol decreased, there was a decreasing shift in the overall contribution of the lower 
dispersive surface energy sites as measured by the IGC. This was attributed to the decrease 
in the proportion of the lowest energy facet (011). D-mannitol crystals with lower aspect 
ratio were therefore found to possess higher overall dSV . The results have demonstrated the 
potential of using IGC at finite concentrations to provide an improved understanding of the 
differences and even subtle changes in surface energy for crystals exhibiting dissimilar 
habits.  
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CHAPTER 10 EFFECTS OF SURFACE CHEMISTRY ON 
GRANULE ATTRIBUTES 
 
10.1  Introduction 
 
High shear wet granulation is a very important but poorly understood unit operation in 
solid processing industry. The lack of fundamental understanding in the process means 
that obtaining a quantitative relationship between formulation, process operating 
conditions and the final granular product performance is extremely difficult. This chapter 
focuses on the influence of powder surface energetics (binder wettability) or surface 
chemistry on the granulation behaviour and resulting granule properties. Formulations 
with varying degree of surface energetic properties were granulated in a high shear 
granulator with aqueous solutions of PVP as binder. Granule attributes such as the 
granule size distributions and individual granule compressive strength were examined.  
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10.2  Experimental Section 
 
10.2.1 Materials 
 
D-mannitol (Ph Eur Pearlitol®, Roquette, France), silanised D-mannitol, racemic ibuprofen 
(Shasun, London, U.K.) in the 75—180 µm sieve fraction were used as the primary 
particles for granulation without further purification. Paracetamol (98% Sigma-Aldrich, St. 
Louis, MO) was recrystallised by evaporation of methanol (HPLC, Sigma-Aldrich, St. 
Louis, MO) from a saturated solution. The small crystals, typically <1 mm, are gently 
milled with a mortar and pestle, and subsequently sieved to obtain a 75—180 µm fraction 
for granulation. Polyvinylpyrrolidone (PVP) (Plasdone® K29/32, ISP, Cologne, Germany) 
in analytical grade deionised water was used as a wet binder. 
 
10.2.2 Surface Tension Measurements 
 
Surface tension measurements of aqueous PVP solutions were carried in order to 
understand the interfacial interactions between PVP binder and the API/excipient. The 
Wilhelmy Plate technique was used to measure LV , using a Krüss tensiometer (K100, 
Krüss GmbH, Hamburg, Germany) with a standard roughened platinum plate at 25 ± 1°C 
over a period of 24 hrs. Data was recorded by the Krüss software (version 2.0.1, Krüss 
GmbH, Hamburg, Germany). Accurate mixtures of 0.50, 5.0, 8.0 and 11.0%w/w of PVP in 
analytical de-ionised water were prepared in sealed conical flasks and stirred for 24 hrs 
before surface tension measurements. Each concentration of solutions was measured 5 
times to obtain the mean.  
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10.2.3 Granulation 
 
Granulations were conducted in a laboratory-scale granulator (Mi-pro, Pro-C-epT, Zelzate, 
Belgium) equipped with a 500 ml capacity glass bowl, a three-blade impellor and a 
chopper. D-mannitol was used as a model excipient and silanised D-mannitol, racemic 
ibuprofen and paracetamol were used as model API. D-mannitol was granulated with each 
model API in various proportions (0, 25, 50, 75 and 100%w/w). Each granulation batch 
contained 100 g of particles which were premixed in the bowl for 2 min at an impellor 
speed of 600 rpm. After premixing, 14 ml of 11%w/w PVP binder solution was added at 
rate of 3.5 ml/min using a precision syringe pump (Dosimat 765, Metrohm, Berchem, 
Belgium), and impellor and chopper were operated at 600 rpm and 900 rpm respectively. 
After liquid addition, mixing was continued for an additional 2 min at the same impellor 
and chopper speed. Wet granules were then carefully transferred on to a plate and dried in 
an oven at 40°C for 24 hrs. The granule size distribution for each formulation was the 
average of at least two identical experiments. At least 5 repeats were conducted where the 
standard deviation of the granule size is given.  
 
10.2.4 Particle Size Analysis 
 
Each batch of dry granules was gently sieved through a 6.40 mm mesh sieve to eliminate 
large agglomerates, which were weighed to obtain the oversized fraction. The remaining 
granules were then riffled twice with a sample riffler to obtain a 5—10 g sample for 
particle size analysis which was carried out using a DIA system (QICPIC, Sympatec Ltd, 
Clausthal-Zellerfeld, Germany) fitted with a gravity disperser (GRADIS, Sympatec) and 
dry vibratory feeder system (VIBRI, Sympatec). The system was operated with a frame 
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rate of 400 fps. Images were analysed by the software WINDOX (version 5, Sympatec) to 
obtain equivalent projected-area diameter (EQPC) and distribution density. 
 
10.2.5 SEM Images 
 
SEM images were acquired with a Jeol Scanning Electron Microscope system (JSM-
5610LV, Jeol, Tokyo, Japan), equipped with a secondary electron detector. Granules were 
gold-coated in argon using a sputter coater (K500X, Quorum Technologies, East Grinstead, 
U.K.) at a current of 50 mA for 4 min prior to SEM imaging. 
 
10.2.6 Granule Strength Analysis 
 
A customised in-house micro-deformation apparatus was used to measure the force-
displacement characteristics of single dry granules that are compressed between two rigid 
parallel plates. A schematic of the instrument is shown in Figure 10.2.1. The apparatus, 
which is based around an inverted microscope, permits continuous and simultaneous 
measurements on the responsive force and the applied displacement. Attached to the 
translation stage (z-axis) is a computer-controlled motion stage capable of discrete micro-
steps of 1 µm. A cantilever force transducer (ELG-V-200G, Entran, Les Clayes-sous-bois, 
France) with a resolution of 0.5 mN and a maximum force capacity of 1 N is mounted to 
the motion stage via a horizontal arm. On the lower surface of the cantilever arm is 
attached a flat metal platen with a diameter of 3 mm.  
Dry granules from the formulations of silanised D-mannitol with untreated D-
mannitol were selected for compressive testings. The granules were manually sieved, to 
minimise granule breakage, with a 1.00 mm and 1.40 mm mesh sieve to collect the 1.00—
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1.40 mm sieve fraction. Single dry granules from the sieve fraction were subjected to a 
maximum deformation of up to 5% strain at a crosshead velocity of 10 µm/second, and the 
granule diameter of the sieve fraction was taken as 1.20 mm (the median). A minimum of 
20 force-displacement measurements were taken for each formulation of granules. 
 
1   antivibrational bench 10   rigid platen 
2   microscope 11   force transducer 
3   granule 12   cantilever beam 
4   petri dish 13   computer 
5   video camera 14   microstep driver 
6   video monitor 15   position sensor 
7   time generator 16   transducer amplifier 
8   translational stage 17   objective 
9   metal beam  
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10 34
17
2
5
7
1
Single Granule
 
 
Figure 10.2.1: Schematic representation of the micro-deformation apparatus. 
 
10.2.6.1 Background 
 
Single particle compression tests, otherwise known as diametrical compression, have been 
used in the study of mechanical performance of spherical granules. The Young’s modulus, 
which is the focus here, is an important granule property which can influence the 
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downstream compaction performance. Antonyuk and co-workers have used single particle 
compression tests to study the elastic and plastic deformation as well as the breakage 
behaviour of dry zeolite and sodium benzoate granules. The elastic moduli were evaluated 
using Hertz’s model, whereas deformation behaviour of elastic-plastic granules were 
measured by means of stiffness and yield point [298].  
 Yap et al. [299] examined the mechanical properties, in terms of the Young’s 
modulus, hardness and rupture stress, for a range of non-agglomerated and agglomerated 
pharmaceutical excipients using a micro-manipulation technique due to the small particle 
size (<200 µm). The authors found that the Hertz equation was able to represent the elastic 
deformation adequately, but the mean rupture stress values of particles derived from the 
compression of bulk powder beds using Heckel [300], Kawakita [301] and Adams [302] 
models was less correlative to those obtained from single particles. 
 An attempt to characterise the strength of granules in liquid media was made in a 
recent study by Cheong and co-workers [303], in which diametric compression tests was 
employed to measure the force-displacement behaviour of single polystyrene granules that 
are partially wetted by different amounts of aqueous isopropanol. A sharp reduction of 
granule strength, in terms of Young’s modulus, yield stress, fracture stress and fracture 
energy, was observed at a critical surface tension of aqueous isopropanol. This was 
attributed to the increase of repulsive solvation forces, which act between the polystyrene 
particles, as the water molecules re-aligned to form bonds with the isopropanol molecules 
adsorbed on the polystyrene surfaces. 
 Single particle compression tests have also been used to examine the strength of 
melt, wet and binderless calcium carbonate granules, in order to predict their performances 
in gas fluidised beds [304]. The Young’s moduli and yield stresses of the binderless and 
wet agglomerates were comparable, whilst those of the granules formed by melt-in binder 
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were over an order of magnitude larger. With increasing strain beyond the elastic limit, an 
increase of yield stress was observed for the binderless and wet granule types. It was 
argued that this was due to the densification of these weakly bound primary particles. The 
mechanical properties derived from diametric compression tests were successfully 
correlated to the rebound behaviour (coefficient of restitution) of these granular materials 
from free-fall impact tests.  
  
10.2.6.2 Theory 
 
The compression of a non-adhesive elastic spherical granules between two parallel flat 
platens may be described by Hertz’s theory which was first used for modelling the 
deformation forces of elastic spherical particles under normal loads [305]. The theory has 
been experimentally shown to be valid for small deformations (ca. 5—10%) where the 
adhesive force, compared with bulk mechanical load, is negligible [306-308]. At zero, or 
very small, deformations (<0.5%), autoahesion theories such as Johnson-Kendall-Roberts 
(JKR) and Derjaguin-Muller-Toporov (DMT) model are applicable. 
When an elastic spherical body is subject to an applied contact normal load, F, 
contact will occur on the particle-substrate interface, given by the following equation: 
 
3/1
4
3




E
rF
z  (10.1) 
where αz is the radius of the contact zone, E* is contact modulus and r is the effective 
radius. For two elastic bodies in contact, E* may be expressed as: 
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and 21
111
rrr
  (10.3) 
where E is Young’s modulus, vp is the Possion’s ratio and the subscripts denote bodies 1 
and 2. In the compression of a granule between two rigid platen, the Young’s modulus of 
the rigid flat platen, E2, tends to infinity, therefore E* corresponds the plain strain modulus 
(E’) of the sphere comprising vp and E: 
 )1(
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  (10.4) 
The distance of mutual approach, δz, i.e. half the compressive displacement at the pole of 
the deformed sphere, can be expressed as: 
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The Young’s modulus can, therefore, be determined from linearisation of Equation 10.5.  
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10.3  Results and Discussion 
 
10.3.1 Surface Tension of Aqueous PVP Solutions 
 
Figure 10.3.1 displays the decrease in surface tension of aqueous PVP solutions as a 
function of concentration. At very low concentrations (~0.5%w/w), the surface tension was 
about 65 mJ/m2, which is about 10% lower than that for water. Above this concentration 
range, the surface tension shows a more gradual decrease. The surface tension of de-
ionised water (72.24 mJ/m2) is close to the reported surface tenion of pure water at 25°C 
which is 71.97 mJ/m2. 
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Figure 10.3.1: Equilibrium surface tension of aqueous PVP solutions 
 
 Due to its lower surface tension value (therefore, an enhanced wettability), the 
11%w/w PVP solution was selected as the granulating binder. 14 ml of this concentration 
of binder was used per 100 g batch of primary particles in each granulation experiment. 
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This corresponds to approximately 1.54 g of dry PVP per batch of granulation sample. In 
order to form a direct comparison of the wettability of this binder on each of the primary 
materials, the spreading coefficients, λLS and λSL, were calculated from the surface free 
energy components of each indexed crystal facet and the surface tension components of the 
binder solution. The surface tension components of aqueous PVP solutions were estimated 
by Rowe [7] from fractional polarity, xp, according to: 
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where δ is the solubility parameter and the subscript d denotes the dispersive component. 
From the reported fractional polarity of 0.47, the dLV  and 
p
LV  of 11%w/w PVP were, 
therefore, estimated as 30.0 and 26.6 mJ/m2 respectively. The spreading coefficients were 
calculated from Equations 3.24 and 3.25 and the work of adhesion was derived using the 
Owens-Wendt approach. The resulting values of λLS and λSL on various facets of D-
mannitol, paracetamol and racemic ibuprofen were displayed in Table 10.1. 
 The tendency of the binder phase to spread over primary solid particles can be 
deduced from the λLS. As the surface free energy of the solid phase exceeds the surface 
tension of the PVP binder, λLS is positive and complete spreading of the binder will 
generally occur. However, when the surface free energy of the solid phase is smaller than 
that of the binder, complete wetting may still occur depending on the polarity of the two 
phases [9]. From Table 10.1, D-mannitol facets, in particular the (011) facet, are highly 
wettable by the binder, although the (010) facet displays a finite contact angle with the 
binder indicated by the negative spreading coefficient. In direct contrast, all racemic 
ibuprofen surfaces are almost non-completely wettable by the binder. For paracetamol, 
some crystal facets, e.g. (011), displayed superior wettability with the binder over other 
facets, e.g. (010). An inverse trend can observed for λSL in Table 10.1, indicating that it 
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would be more energetically favourable for the surface to spread over the binder for those 
facets which are poorly wettable by the binder.  
 In order to rank the wettability of the three model primary materials, the mean 
spreading coefficients of each material were determined from their crystal facets, and are 
also displayed in Table 10.1. A rank order of wettability with PVP solutions can, therefore, 
be proposed: 
D-mannitol > Paracetamol > Racemic ibuprofen ≈ Silanised D-mannitol 
 
Table 10.1: Spreading Coefficients Between 11%w/w PVP Solution and Indexed Facets of 
D-mannitol, Paracetamol and Racemic Ibuprofen 
Material/Facet λLS λSL Mean (all facets) 
D-mannitol    
(010) -3.60 -4.10 
(120) 3.32 -7.18 
(011) 16.98 -19.52 
λLS =  5.57 
λSL = -10.27 
Paracetamol1    
(201) 5.56 -5.94 
(001) 14.59 -16.91 
(011) 9.52 -10.18 
(110) -2.83 1.67 
(010) -12.40 -3.30 
λLS = 2.89 
λSL = -6.93 
Racemic ibuprofen    
(100) -27.83 9.47 
(001) -14.31 0.19 
(011) 0.88 -3.62 
λLS = -13.76 
λSL = 2.01 
1Surface free energy components obtained from [15]. 
 
One should be cautious with these mean spreading coefficient values because they 
do not take into account the relative proportion of each facet, therefore their relative 
contribution to the overall wettability. Nevertheless, based on IGC surface energy 
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heterogeneity data (Chapter 8 and 9), it is expected that the dominate crystal facet would 
be the (011) face for D-mannitol, the (100) face for racemic ibuprofen, and a combination 
of all facets for paracetamol. This further supports the proposed rank order of wettability.   
 
10.3.2 Effects of Surface Chemistry on Granule Size Distribution 
 
In this thesis, the effects of surface properties of primary particles in high shear granulation 
were investigated by granulating different mass ratios of a hydrophilic and a hydrophobic 
model material. In order to restrict the focus of the experiment to just one variable, i.e. the 
surface chemistry or surface wettability, D-mannitol and silanised D-mannitol in the same 
narrow sieve cut (75—180 µm) were granulated in a two-component mixture under 
identical conditions, with identical experimental set-up and using identical quantity of 
aqueous PVP as the wet granulating binder. The resulting dry granules were sieved with a 
6.40 mm mesh sieve to eliminate large lumps which were due to, primarily, adhesion of 
wet mass or non-granulated wet powder to the wall of the vessel. This undesirable 
adhesion of materials most notibily occurred at the top of the bowl, caused by the aerasion 
of the wet mass from the action of the impellor. The absence of impellor/chopper-induced 
powder flux towards the top of the bowl means that they could not be re-homogenised with 
the bulk mass. The operating parameters used here are the optimised values generated from 
extensive trials. In order to quantify the granulated mass, the percentage granulation yield, 
GY, was calculated according to: 
 %1001 4.6 





 
total
mm
m
mGY  (10.7) 
where mmm 4.6  is the mass over the 6.4 mm sieve size (oversized fraction) and totalm  is the 
total dry mass in the formulation. The granule size distribution was characterised by DIA 
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to obtain the EQPC, which is defined as the diameter of a circle that has the same area as 
the projection area of the particle. The spread of the granule size distribution was measured 
by dispersion coefficient, Cd, according to: 
 
50
1090
d
ddCd

  (10.8) 
where d10, d50 and d90 are the EQPC corresponding to 10%, 50% (median ) and 90% of the 
cumulative size distribution. 
 The cumulative volume/mass-weighted granule size distributions, Q3, resulting 
from different ratios of untreated and silanised D-mannitol primary particles are displayed 
in Figure 10.3.2, and the granulation yields and dispersion coefficients are listed in Table 
10.2. Clear distinctions between the granule size distributions can be observed from Figure 
10.3.2 and more importantly, a decreasing trend can be observed for both d10 and d50 as the 
mass of hydrophobic component increases in the formulation, although the trend in d90 is 
less pronounced.  
According to Schæfer and Mathiesen [140], the mechanism of agglomerate 
formation for low viscosity binder, such as 11%w/w PVP, would only be slightly 
dependent on the binder droplet size, and the nucleation would be dominated by the 
distribution of drops on surface of the particles, which would then start to coalescence. For 
partially wettable hydrophobic particles such as silanised D-mannitol, the particles are 
more likely to rebound than to successfully coalesce during particle consolidation, owing 
to the lack of viscous contacts between particle surfaces where the collision kinetic energy 
can be dissipated. A smaller granule mean size would, therefore, be expected from an 
increase in hydrophobic content in the formulation. 
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Figure 10.3.2: Cumulative granule size distribution of D-mannitol formulations with 
varying degree of hydrophobicity.  
 
Table 10.2: Granule Size Characteristics of Untreated/Silanised D-mannitol Formulations 
Ratio of Silanised D-
mannitol to D-mannitol 
(excluding PVP mass) 
d10 (µm) d50 (µm) d90 (µm) Cd GY (%) 
0 : 100 823 ± 252 3284 ± 717 6313 ± 453 1.67 38.9 
25 : 75 452 3228 6234 1.79 32.9 
50 : 50 425 2250 6574 2.73 39.4 
75 : 25 527 2127 6324 2.73 50.0 
100 : 0 355 2007 6272 2.95 40.3 
 
As the hydrophobicity of the formulation increases, the dispersion coefficient also 
increases (Table 10.2), implying a wider granule size distribution. This can be attributed to 
the poor dispersion of binder liquid on the powder bed as the wettability of the formulation 
decreases. The poor granule yield (between ~33 and 50%) was partially due to the loss of 
unrecoverable wet mass on the impellor and chopper blades, and the vessel wall at the end 
of each granulation run. This generally accounted for approximately 10% of the total dry 
mass, and could be reduced by the decreasing the surface area (of the bowl) to mass ratio 
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such as by utilising a larger granulating vessel. However, this has not been further tested in 
this thesis, as the primary focus is the effects of surface chemistry on granule size 
distributions.  
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Figure 10.3.3: Cumulative granule size distribution of D-mannitol/ibuprofen formulations 
with varying degree of hydrophobicity.  
 
Table 10.3: Granule Size Characteristics of Untreated D-mannitol/Racemic Ibuprofen 
Formulations 
Ratio of ibuprofen to 
D-mannitol 
(excluding PVP mass) 
d10 (µm) d50 (µm) d90 (µm) Cd GY (%) 
0 : 100 823 ± 252 3284 ± 717 6313 ± 453 1.67 38.9 
25 : 75 741 ± 615 2690 ± 393 6167 ± 314 2.02 40.5 
50 : 50 252 ± 124 2437 ± 423 5919 ± 220 2.32 42.7 
75 : 25 201 ± 59 2208 ± 370 5843 ± 247 2.56 50.3 
 
 The cumulative volume/mass-weighted granule size distributions, Q3, resulting 
from different ratios of untreated D-mannitol and racemic ibuprofen primary particles are 
displayed in Figure 10.3.3, and other granule size parameters are listed in Table 10.3. Up to 
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25% hydrophobic racemic ibuprofen, by mass, was examined. The dependence of the 
granule size, d10, d50 and d90, on the formulation wettability follows similar trend in this 
case compared to the untreated/silanised D-mannitol formulations. These results further 
support our observations that subtle changes in the wettability/surface chemistry of the 
formulation can influence the granule size distributions. As the formulation hydrophobicity 
increases, the decrease in granule size becomes more significant. The median granule size 
of a 100% D-mannitol formulation was almost 50% greater than that of the 25% D-
mannitol formulation. An increase in the granule size distribution dispersion coefficient 
was again observed for an increasing content of hydrophobic component. A major 
difference for these ibuprofen formulations compared to the D-mannitol formulations can 
be found on the percentage granule yield values. The increase in GY, i.e. the size fraction 
below 6.40 mm sieve size, further reveals the attenuation in granule growth for poorly 
wettable formulations.   
 In an attempt to gain an insight into the evolution of particle size, thus the 
granulation behaviour, of a hydrophilic formulation (100% untreated D-mannitol) and a 
relatively more hydrophobic formulation (50% untreated D-mannitol and 50% ibuprofen), 
granule size distributions were measured by DIA at 180, 300, 420 seconds of the total 
granulation time and at the end of the granulation (480 s). All particles, which were dried 
before size analysis, were gathered from the bowl by ceasing the granulation at these 4 
different timescales. Granulation was then restarted with a new batch of sample powders. 
 The evolution of particle size distributions for the model hydrophilic formulation 
and hydrophobic formulation are displayed in Figure 10.3.4 and Figure 10.3.5 respectively, 
which reveal remarkably different granulation behaviour. The 180 s particle size 
distribution corresponds to 120 seconds of powder blending time, followed by the addition 
of 3.5 ml of binder. At 300 s and 420 s respectively, a cumulative volume of 10.5 ml and 
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14 ml of binder was added to the bowl, and the granules were homogenised in the vessel 
for 60 s by agitation without further binder addition. Between 420 s and the end of 
granulation, the particles were further homogenised and consolidated for a further 60 s.  
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Figure 10.3.4: Evolution of particle size distributions for a 100% D-mannitol formulation. 
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Figure 10.3.5: Evolution of particle size distributions for a 1:1 mass ratio of D-mannitol/ 
ibuprofen formulation. 
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For the hydrophilic formulation (Figure 10.3.4), a bi-modal evolution of size 
distribution can be observed. The first peak, centred at ~200 µm, shows a distrinct decrease 
whereas a second peak, at ~5000 µm, increases up to 420 s as the granulation proceeds. 
This shows a gradual agglomeration behaviour of primary particles to form larger granules. 
Since no binder was added to the powder mix after 420 s, the granules could be further 
consolidated and spheronised by erosion/breakage of colliding granules during agitation or 
by filling of the intra-granular voids by smaller particles. As shown in Figure 10.3.4, a 
unimodal size distribution was obtained at the end of the process, and virtually all primary 
particles have been agglomerated, indicated by the disappearance of the peak at ~200 µm. 
 In contrast, the model hydrophobic formulation did not show a gradual 
agglomeration of primary particles. At 300 s where a total of 10.5 ml of binder was added, 
the particle size distribution was unimodal towards the high end of the distribution. This 
simultaneous agglomeration of primary particles led to a ‘jump’ in granule size which 
could be due to the non-wettability of the powder system. When the surface chemistry of 
the granulating system favours the spreading of the solid particles onto the liquid rather 
than vice versa, i.e. when λSL is positive, it would be expected than the resulting granules 
would be loosely-packed with small primary particles [10]. In the extreme case where the 
powders are highly hydrophobic, granules would comprise of a consolidated powder shell 
and an empty core [142]. At 420 s, further agitation by the impellor consolidated a 
proportion of these loose granule structures, leading to the appearance of a peak at around 
300 µm. As the granules were consolidated further for 60 s, the binder was forced to 
homogenise with the powder and binder dispersion improved, therefore promoting granule 
growth. 
The previous experiments examined materials with vastly different surface 
chemistries (hydrophilic versus hydrophobic), which produced significant changes in the 
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granule size and granulation behaviour. The effects of more subtle changes in the 
formulation wettability were further investigated by granulating untreated D-mannitol with 
paracetamol in various mass ratios (hydrophilic versus hydrophilic). This is based on the 
binder wettability of paracetamol which was found to be greater than both racemic 
ibuprofen and silanised D-mannitol.  
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Figure 10.3.6: Cumulative granule size distribution of D-mannitol/paracetamol 
formulations with varying degree of hydrophobicity.  
 
 
Table 10.4: Granule Size Characteristics of Untreated D-mannitol/Paracetamol 
Formulations 
Ratio of paracetamol 
to D-mannitol 
(excluding PVP mass) 
d10 (µm) d50 (µm) d90 (µm) Cd GY (%) 
0 : 100 823 ± 252 3284 ± 717 6313 ± 453 1.67 38.9 
25 : 75 800 ± 445 3664 ± 94 6198 ± 245 1.47 38.0 
50 : 50 345 ± 281 3659 ± 451 6374 ± 218 1.65 37.6 
 
The cumulative volume/mass-weighted granule size distributions, Q3, resulting 
from different ratios (up to 50%) of untreated D-mannitol and paracetamol primary 
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particles are displayed in Figure 10.3.6, and other granule size properties are listed in Table 
10.4. No major differences can be observed between the median particle sizes for these 
similar formulations, in terms of wettability. However, the proportion of small particles 
(indicated by the d10) was higher when the content of paracetamol increased. These results 
show that there exists a critical point at which the granulation system is unaffected by the 
surface chemistry of the powder systems, but more significantly by other process and 
formulation variables. 
 
10.3.3 Effects of Surface Chemistry on Granule Mechanical Strength 
 
The effects of surface chemistry on the mechanical characteristics of granules were 
assessed by performing single particle diametric compression. In this study, the elastic 
deformation of granules was the primary focus due to the high resolution of the micro-
deformation apparatus, thus the suitability of analysis in this low strain region. Granules 
resulting from the granulation of different mass ratios of untreated and silanised D-
mannitol were investigated. The elastic compression behaviour of these granules was 
described by continuum contact mechanics via the application of the Hertz model to 
quanitify the granule Young’s moduli using Equation 10.4. 
 Binder granules can be considered as elastoplastic materials which, at low strain, 
display elastic behaviour. For increasing strain, full plastic yielding occurs until the granule 
fracture point is reached. Examples of the force-displacement curves obtained for the 
1.00—1.40 mm sieve granules are displayed in Figure 10.3.7. As the hydrophobic 
component of the granule increased, a lower force was generally needed to compress the 
granule up to the final strain (5%). For granules which do not contain silanised D-mannitol 
(0% hydrophobic component), the upper limit of the load cell (1 N) was reached at 
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approximately 3.2% strain. The applicability of the Hertz model can be assessed by 
plotting F against  2
3
z  as depicted in Figure 10.3.8 for the 1.00—1.40 mm sieve granules. 
The end-point of the elastic region is typified by a point of deviation from constant 
gradient. Here, the Hertz equation was applied between a strain of between 2—4 % which 
was within the normal validity range of the Hertz theory. However, from Figure 10.3.8, 
one can see that there seems to be some degree of strain hardening for granules containing 
a large content of untreated D-mannitol, as indicated by the poor fitting of the Hertz model 
to the experimental data points. For porous materials, the typical value for Poisson’s ratio 
is taken as 0.23 [309]. 
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Figure 10.3.7: Typical force-displacement profiles for 1.00—1.40 mm sieve granules 
resulting from various proportion of hydrophobic component (% w/w). 
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Figure 10.3.8: Linerisation of the Hertz model for 1.00—1.40 mm sieve granules resulting 
from various proportion of hydrophobic component (% w/w).   
 
Table 10.5: Calculated Granule Young’s Moduli 
 1.00—1.40 mm sieve 
Silanised D-mannitol 
(%) 
Regression  
R2 
E 
(GPa) 
0 0.6722  0.2073 ± 0.0125 
25 0.8793 0.1646 ± 0.0185 
50 0.9985  0.1165 ± 0.0076 
75 0.8674 0.1279 ± 0.0377 
100 0.9930 0.0793 ± 0.0075 
 
The mean Young’s moduli, E, of the granules from the 1.00—1.40 mm sieve 
fraction are listed in Table 10.5 and are also displayed in Figure 10.3.9. The values of 
moduli are in the range of 79 to 207 MPa, which are comparable to those of a hard 
elastomer and a glassy organic polymer respectively. The Young’s moduli of granules 
decrease with increasing hydrophobic component in the mixture, providing clear evidence 
that the surface chemistry of primary particles directly influences granule mechanical 
characteristics. It is reasonable to argue that this reduction in granule strength is due to the 
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weaker autoadhesion force, i.e. a lower work of adhesion, between binder solid bridges and 
the hydrophobic surfaces due to their lower surface free energy. The decrease in the elastic 
Young’s moduli has been correlated to an increase in porosity [310]. Hence, the weaker 
granule strength at higher silanised D-mannitol (hydrophobic) content may also be 
attributed to the porous nature of the granules.  
The strain hardening effects on granules with a higher untreated D-mannitol 
content as they compressed may be attributed to the larger concentration of interparticle 
PVP contacts. The SEM images, at various magnifications, of three different formulations 
of D-mannitol are displayed in Figure 10.3.10. It is clear that as the content of untreated D-
mannitol increases, the concentration of dry PVP particles at interparticle contacts 
increases. These interparticle PVP particles, which are a result of the wettability of the 
system, also directly affect the mechanical strength (the Young’s modulus) of the whole 
granule. 
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Figure 10.3.9: Granule Young’s moduli resulting from formulations containing an 
increasing mass content of silanised (hydrophobic) D-mannitol (polymer cotent is omitted). 
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Figure 10.3.10: SEM micrographs of 1.00—1.40 mm granules of a) 100% untreated D-mannitol b) 50%-50% D-mannitol/silanised D-mannitol 
and c) 100% silanised D-mannitol.  
266 
10.4  Conclusions 
 
This study confirms that the surface chemistry of the granulation components is inter-
related to the underlying granulation behaviour as well as the final product granule 
attributes. Granulation, even at high agitation intensity, is affected by the subtle changes in 
the surface free energy of the component powder systems and their interactions with the 
binder solution. 
  For a hydrophilic formulation, the gradual distribution of binder liquid on the 
surface of particles resulted in a steady coalescence and particle agglomeration. For more 
hydrophobic particles, binder dispersion was promoted by the agitation of the impellor 
owing to the non-wettability of the system. Granule size in such systems was only able to 
evolve after adequate particle consolidation. These differences in granulation behaviour 
resulted in larger mean granule size and narrower size distribution as the hydrophilic 
component content increases in the granulation mixture. As the wettability of the two 
formulations become similar, it was observed that the granule size was less affected by the 
surface chemistry of the components. 
 The surface chemistry of primary particles also directly influences granule 
mechanical characteristics and in this case, the granule elastic compression behaviour. 
Young’s moduli decreases with increasing hydrophobic component in the mixture, which 
could be attributed to the weaker autoadhesion force between binder solid bridges and the 
hydrophobic surfaces due to their lower surface free energy. An increase in hydrophilicity 
of the formulation was found to increase the number of interparticle contacts, leading to a 
reduction in granule porosity. 
 As a result of this study, formulation properties and processing parameters can be 
feasibly manipulated in granulation to aid downstream product processing capability. 
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CHAPTER 11 CONCLUSIONS   
 
11.1  Overall Summary 
 
In this thesis, the wettability of complex organic crystalline solids was investigated in 
detail and related to their granulation performance in complex powder mixtures.  
In traditional characterisation methods, surface energetics and wettability of 
pharmaceutical solids commonly rely on the measurement of liquid contact angles, 
measured using sessile drop technique or the Wilhelmy plate technique. This is undertaken 
typically on compressed powder surfaces or powder adhered to a glass slide. This study 
has demonstrated that it is not only difficult to measure the contact angle on such surfaces, 
but even in situations where such measurements are possible, these techniques will only at 
best reveal an average property of the surface under investigated. Using macroscopic 
crystals obtained from carefully designed and systematic crystallisation procedures, the 
facet-specific surface energetics and wettability can be derived, providing much detailed 
surface chemical information of the materials. Organic crystals should not be simply 
considered as non facet-specific or homogenous spherical particles, their heterogeneity 
may be caused by the presence of impurities, different crystal facets, growth steps, crystal 
edges, surface pores, local degree of crystallinity and surface functional groups. Such 
surface physicochemical properties were validated, in this thesis, on crystalline 
pharmaceutical excipient in the example of D-mannitol and on pharmaceutical API 
racemates in the examples of ibuprofen.  
The sessile drop contact angle technique was selected due to it being the most 
surface sensitive technique available. This technique revealed in detail the facet-specific 
surface chemistries of various crystal facets of D-mannitol as well as ibuprofen. It was 
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shown that contact angle polarity can be rationalised based on careful analysis of the 
known crystallographic structure. On those facets where hydroxyl functionality or 
hydrogen bonding potential is in abundance, a significant hydrophilic behaviour was 
observed, whilst the opposite was true in surfaces where significant hydrophobic moieties 
were present. 
Besides inferring the surface properties from contact angle and the corresponding 
crystal structure, this thesis has employed XPS to examine the surface chemical 
environment. XPS has been widely used to study metals or semiconductors, but the 
quantitative XPS analysis of organic pharmaceutical surfaces is extremely limited. It has 
been demonstrated that this technique can be applied on organic crystalline surfaces by 
careful sample preparation. The concentration of hydroxyl group distributions determined 
from XPS on D-mannitol surfaces was in excellent agreement with the contact angle 
polarity and the crystallographic structure.  
Although the approach of employing macroscopic crystals was proven to be an 
accurate and sensitive means to evaluate and distinguish surface energetics and wettability, 
the crystallisation of macroscopically sized crystals is time-consuming, or rather unrealistic 
for the full exploitation by pharmaceutical scientists due to the short development timeline 
expected for new drug entities, without mentioning the fact that some of these new 
chemical entities, especially proteins, may not crystallise easily to such scale. A novel 
methodology based on advanced FC-IGC has, therefore, been developed to measure this 
surface chemical heterogeneity of powdered materials. IGC is an advanced instrumentation 
for the characterisation particulate pharmaceutical solids. Its superiority stems from that 
fact that it requires only small samples of powders (thus, advantageous for early drug 
development), and its compatiblilty with sample which has porosity, irregular surface 
topographies and surface inhomogeneity. As described comprehensively in Chapter 8, this 
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new FC-IGC approach is a surface mapping technique based on a solute isotere adsorption 
methodology. By measuring the retention behaviour of various vapour probes and relating 
this information to the surface coverage, a surface energy map or distribution, for both 
dispersive and acid/base interactions, was determined.  
In this thesis, this powerful new methodology has been tested on solids with 
distinctively different surface properties as demonstrated in the case of untreated D-
mannitol (heterogeneous surface) and silanised D-mannitol (homogeneous surface). The 
change in surface heterogeneity after surface chemical induced modification by methyl 
groups was measured successfully with this new methodology and was compared with the 
the data obtained by sessile contact angle experiments, in which an excellent correlation 
was seen. The homogenous energy distribution for silanised D-mannitol can be attributed 
to the regularity in surface chemistry due to silanisation reaction which reduced dSV  and 
0
ABG  of the surfaces. For ibuprofen racemates and paracetamol, the surface energy 
distribution can be rationalised by the composition of crystal indexed facets in the powder 
samples. 
Whilst both contact angle and IGC were shown, in this thesis, to be able to 
determine detailed surface energy distributions and distinguish energetic heterogeneity and 
homogeneity of pharmaceutical solids, reflecting the surface chemical environment, it has 
also been demonstrated that the facet specific surface energetics for macroscopic crystals 
of D-mannitol are closely related to the surface energetic profiles for the corresponding 
powdered crystals. The surface energetic heterogeneity can vary substantially for the same 
material with different crystal habits. As the aspect ratio of D-mannitol decreased, there 
was a decreasing shift in the overall contribution of the lower dispersive surface energy 
sites as measured by the IGC. This was attributed to the decrease in the proportion of the 
lowest energy facet (011). D-mannitol crystals with lower aspect ratio were therefore 
  270 
 
 
found to possess higher overall dSV . The results have demonstrated that even low degrees 
of difference in surface energy heterogeneity can be well described and detected by this 
new metholodogy, in this case for the same polymorphic crystals exhibiting slightly 
different habits. These small differences in surface properties can be crucial in the 
processing and formulation of pharmaceutical systems, which may have direct influence on 
the final product performance. 
From both the measured contact angle polarity and IGC dSV  and 
0
ABG  profiles, 
the rank order of wettability of the model substances can be classified. Silanised D-
mannitol samples were found to be much more hydrophobic compared to untreated D-
mannitol surfaces as was expected. The findings suggested that racemic ibuprofen exhibits 
relatively similar wetting behaviour as silanised D-mannitol. Paracetamol surfaces, on the 
other hand, exhibited intermediate behaviour between untreated D-mannitol and the 
racemic ibuprofen.  
This thesis also confirms that surface chemistry of the granulation components is 
inter-related to the underlying granulation behaviour as well as the product granule 
attributes. Granulation, even at high agitation intensity (compared to fluidised bed 
granulation where the shear force is weaker), is affected by the subtle changes in the 
surface free energy of the powder systems and the solid-binder interactions. For a 
hydrophilic formulation, such as pure untreated D-mannitol formulation, the gradual 
distribution of binder liquid on the surface of particles resulted in a steady coalescence and 
particle agglomeration. For more hydrophobic particles, such as in the granulation of a 
50:50 mix of D-mannitol and racemic ibuprofen, binder dispersion was promoted by the 
agitation of the impellor owing to the non-wettability of the system. Particle size in such 
system could only begin to evolve after adequate particle consolidation. These differences 
in granulation behaviour resulted in larger mean granule size and narrower size distribution 
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as the hydrophilic content increases in the granulation mixture. As the wettability of two 
formulations become similar, it was observed that the granule size was more insensitive to 
the surface chemistry of the components. 
 This thesis also provide the first direct evidence that the surface chemistry of 
primary particles directly influences final granule mechanical characteristics and in this 
case, the granule elastic compression behaviour. The findings show that the Young’s 
moduli of granules decreased with increasing hydrophobic component in the mixture, 
which was attributed to the weaker autoadhesion force between binder solid bridges and 
the hydrophobic surfaces due to their lower surface free energy. An increase in 
hydrophilicity of the formulation was found to increase the number of interparticle contacts, 
leading to a reduction in granule porosity 
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11.2  Future Work 
 
This research has provided the crucial link between surface chemistry to the final granule 
properties, with some insights into the underlying granulation behaviour. Although 
attempts have been made in this thesis to investigate the relative kinetic and 
thermodynamic influence on high shear granulation, future work should be directed 
towards the balance between surface and process properties in this type of granulation. In 
this aspect, the importance of surface properties can be investigated for two fundamental 
nucleation mechanism: granulation whereby nucleation is controlled by the binder droplets 
versus a granulation system whereby the nucleation is shear-controlled, i.e. dependent on 
the agitation intensity. It is probable the relative influence of surface chemistry from these 
two types of nucleation processes on the granulation process would be significantly 
different. 
 Further research should also be directed towards the utilisation of wetting data to 
control and optimise multicomponent granulation systems of different particle sizes and 
surface properties. Since real pharmaceutical granulation processes often have multi-
components, it is expected that if the surface properties of such system can be derived 
using IGC, the influence of surface chemistry on the granulation behaviour and granule 
properties may be predicted a piori. Future work should, therefore, also be directed 
towards the measurement of surface energy distributions using FC-IGC on multi-
component powder systems, and to examine whether the composition changes can be 
directly correlated to the surface energy profiles. 
 This research shows that the role of surface properties in granulation is clearly 
important. The ultimate goal or ‘holy grail’ would be the establishment of a regime map 
for the design, control and optimisation of granule attributes (most importantly, the granule 
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size) from surface energetic and morphological data. This would immensely reduce the 
extensive testings and trial granulations required industrially for new chemical compounds.  
 Exciting new frontiers can also be explored by using FC-IGC in other areas of drug 
delivery system design, especially in the area of pulmonary drug delivery via dry powder 
inhalers. Varying degree of interactions between the drug and carrier particles can 
influence the performance of such drug delivery systems. Surface energy distribution 
measured by IGC may be able to correlate to the fine particle fraction (FPF) of the drug-
carrier systems because the physicochemical properties of the carrier and drug particles are 
crucial in determining the performance of DPI formulations.  
In the development of ternary DPI formulation, the addition of fines (small 
particles) has been reported to result in an improved FPF of the active drug. However, the 
mechanism by which the fine particles alter the performance of the formulation has 
remained elusive. It is believed that FC-IGC can be used to understand the mechanism 
behind drug-carrier adhesion of such systems, allowing major improvements in the 
performance of this type of drug delivery system. 
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